CONTRACT 950137

RANGER TV SUBSYSTEM
(BLOCK IlI) FINAL REPORT

VOLUME 2: SUBSYSTEM ANALYSIS

Prepared For:

JET PROPULSION LABORATORY
CALIFORNIA INSTITUTE OF TECHNOLOGY
PASADENA, CALIFORNIA

By The:

ASTRO-ELECTRONICS DIVISION
DEFENSE ELECTRONIC PRODUCTS
RADIO CORPORATION OF AMERICA
PRINCETON, NEW JERSEY

AED R-2620

fssued: JULY 22, 1965




Preface

This report summarizes the Ranger TV Subsystem program. This work
was performed by the Radio Corporation of America, under JPL Contract
No. 950137, for the Jet Propulsion Laboratory of the California Institute
of Technology, Pasadena, California. The period covered by this, the
Final Report on the program, extends from July, 1961 through July, 1965.
The report is submitted in five volumes:;

Volume 1 Summary

Volume 2 Subsystem Analysis

Volume 3 TV Subsystem Design

Volume 4 Manufacturing, Product Assurance, and Test
Volume § Evaluation

This volume, Volume 2, contains

o A description of the mission parameters,
® A development of the TV Subsystem equipment parameters, and
® A description of the TV Subsystem configuration.
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Introduction

In order to establish design requirements for
space vehicles, manned or unmanned, that are
to land and operate on the Moon, it is essen-
tial to have detailed information onthe compo-
sition and topography of the lunar surface.
The best Earth-based photographs of the
Moon are limited to a resolution of 600 meters,
which is not sufficient to evaluate the nature
of small-scale surface features.

The Ranger mission was established to ful-
fill the need for high-resolution pictures of
the lunar surface. The possibility of such a
mission had been the subject of a joint study
by the Jet Propulsion Laboratory (JPL) and
RCA. Concepts and equipment designs had
been explored since early in 1958. These
studies led to the development of a 4. 7-pound,
half-inch vidicon camera, which was delivered
for use in an Explorer lunar flyby mission.
Its purpose was to photograph the unseen side
of the Moon. Late in 1960, RCA conducted a
television camera design study for JPL. This
study culminated in a camera design for the
Ranger III to V series. Other related space
camera studies and designs by RCA were
the half-inch vidicon cameras for TIROS and
the l-inch vidicon cameras for Nimbus, A
design study, which was directly applicable to
the Ranger TV Subsystem, was conducted by
RCA for the Surveyor program under contract
to North American Aviation Company. These
earlier efforts by RCA contributed greatly
toward achieving the desired mission goals of
the Ranger program within a tight schedule.

Section II of this volume introduces the princi-
pal analyses that were performed to arrive
at the conceptudl design of the Ranger TV
Subsystem, The missiongoals and constraints,
which were the basis for the analyses, are
also described. Analyses are presented to
describe the fundamental problems of lunar

imaging and cislunar communications. The
analyses that were made in selecting and
evaluating various parameters of the overall

TV Subsystem are also included. Some of the
analyses are presented in greater mathe-
matical depth than others. This more extensive
treatment is given to those analyses that are
considered unique and worthy of recording in
this Final Report.

The analyses are presented in a logical se-
quence, beginning with the analysis of the
imaging system. The lunar luminances and
range of contrasts are developed for various
lunar areas that would be viewed from an
impacting trajectory. The results of this
analysis are used in computing the expected
output signal from the camera. The effect
of the spectral response of the sensor on
camera output is described.

The next topic presented is the analysis of
the communications system. The analysis
shows the feasibility of retrieving the video
data from the cameras at the cislunar dis-
tance. The communications constraints are
discussed, as well as the analyses that led to
the selection of standard frequency-modulation
for the communications system. A discussion
of preemphasis is included, followed by a
discussion of the RF channel and baseband
frequency allocation. A link analysis, which
gives the expected performance of the com-
munication system, is presented, and the ar-
rangement of the communications components
is described.

An analysis of the overall TV Subsystem is
the next topic of discussion. The signal-to-
noise ratios of the imaging and communica-
tions systems are combined to predict the
signal-to-noise ratio for the entire Subsystem.




Included is a discussion of automatic versus
fixed methods of exposure and gain control.
The analysis of the sine-wave response of
the system is next presented. This analysis
served as the basis for selecting the electrical
and optical elements of the system. A para-
metric analysis of image smear and resolu-
tion is included and shows the factors that led
to the selection of the lens focal length and
the shutter speed.

The development of the vidicon scanning rates
is discussed as well as the considerations
that led to the selection of the number of
cameras and the camera-pointing array. The

design of the power supply, thermal control,
and the TV Subsystem structure are con-
sidered in relation tothe overall TV Subsystem
configuration,

The third section of this volume is devoted
to a description of the TV Subsystem. In-
cluded are a description of (1) the Subsystem
arrangement; (2) the internal system for con~
trolling and programming of the various
operations; and (3) the command and control
system, which responds to external commands.
This section is concluded with a description
of the telemetry system, which monitors the
operation of the entire TV Subsystem.
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Subsystem Analysis

~ A. MISSION GOALS AND CONSTRAINTS

1. Primary Goal

The primary goal of the Ranger TV Sub-
system was to obtain high-resolution pictures
of the Moon's surface and transmit these pic-
tures back to Earth. Earth-based photography
of the lunar surface is limited by atmospheric
disturbances to the resolution of objects larger
than 2000 feet, but more detailed knowledge
of the lunar surface is necessary for the de-
sign of lunar-landing vehicles. To achievethe
primary goal, the following design objectives
were established for the TV Subsystem:

® Capability to provide pictures with a
resolution of 0.5 meter per optical line
pair when the common optical axis of
the TV Subsystem is aligned with the
spacecraft velocity vector;

® Capability to provide wide area coverage;

® Capability to provide a set of nested
pictures; and

® Capability to provide the high reliability
necessary for ensuring success.

2. Subsystem Constraints

The constraints placed on the design of the
TV Subsystem dealt primarily with its func-
tion as part of the Ranger Spacecraft; there~
fore, all constraints placed on the spacecraft
have either indirect or direct effects on the
design of the TV Subsystem.

a. INDIRECT CONSTRAINTS

The primary mission constraint was a result
of the decision to plan four flights of the
Ranger Spacecraft as repeated attempts at the
single mission objective. All equipment for
the first flight would be included on subsequent

flights; additional scientific experiments would
not be considered. This consistency of equip-
ment was associated with the factthat the same
type of launch vehicle would be used for all
flights.

The selected launch vehicle was the Atlas
D/Agena B. This vehicle is capable of
projecting a useful weight of about 800 pounds
into an Earth-to-Moon trajectory; therefore,
the size, shape, and weight of the spacecraft
were dictated by this constraint.

Additional mission constraints were intro-
duced to ensure the return of information in
the event of a nonstandard mission. Further
constraints were developed as functions of
the average luminance of expected lunar im-
pact regions, the expected direction of ap-
proach to the lunar surface, the expected
distance from the point of impact to the lunar
terminator, the spacecraft velocity, and the
amount of folerable smear due to spacecraft
velocity.

b. DIRECT CONSTRAINTS

The TV Subsystem constraints evolved from
the above indirect constraints. The maxi-
mum weight allowance for the TV Subsystem
was 375 pounds. The Subsystem was to be
contained in a structure that would be mounted
on the top of the main spacecraft. The struc-
ture was to provide compatible mounting atits
apex for the spacecraft omnidirectional antenna
and routing for the spacecraft coaxial cable
between the omnidirectional antenna and the
spacecraft.

The power needed to operate the Subsystem
was to be contained in the Subsystem and be
completely independent of the Ranger Space-
craft power system. Circuitry had to be de-
signed to allow the spacecraft to switch the




TV Subsystem power by either RF command
or by on-board sequencing. In addition, the
TV Subsystem transmitters were not to in-
terfere with the normal receipt and execu-
tion of real-time commands by the spacecraft,
and the RF output of the Subsystem was to
be compatible with the directional-antenna
RF-mixing system of the spacecraft.

While on the launch pad, for safety reasons,
the TV Subsystem was not to be operated at a
power level greater than 2 watts from any
one source. For all Subsystem testing, the
necessary connections were to be independent
of the spacecraft cabling system and directly
accessible on the Subsystem.

The Subsystem was to be divided into two
channels, each channel having a set of cam-~
eras, a power supply, equipment to generate
synchronizing signals for the cameras, equip-
ment to combine the camera video with sync
and tone-code signals, and equipment to apply
the composite video signals to the RF trans-
mitter,

A minimum amount of telemetry information
was to be available during the cruise-mode
portion of the mission to monitor Subsystem
engineering parameters. However, during
the terminal mode of the mission, telemetry
was to be increased to provide detailed in-
formation on Subsystem operation.

Redundancy in the communications equipment
was desired to ensure transmission of lunar
information back to Earth. The use of ex-
isting Deep Space Instrumentation Facilities
(DSIF) and the radio-frequency channel al-
locations placed a constraint on the design.
Two 900-kc bandwidth communications chan-
nels, with center frequencies at 959.52 and
960.58 Mc, respectively, were made available
by the FCC. A carrier between the two chan-
nels at 960.05 Mc was used for the transponder
signal from the spacecraft Bus.

The transmission losses involved in spanning
the approximate 240,000~mile Earth~lunar dis-
tance were studied to determine the constraint

that would be placed on the required transmitter
power output. This study indicated that a
transmitter power of 15 db above one watt would
be required for single-channel operation. If
simultaneous transmission over both channels
was desired, an additional 3 db of power
would be required to overcome the losses in
the combining network. The power selected
and the operation into existing DSIF elements
provided for a video signal-to-noise level in
excess of 30 db even at threshold. The
realizability of transmitters capable of a
900~-kc bandwidth at a distance of 240,000
miles allowed the design of a camera system
utilizing a 200-kc video bandwidth. The
availability of two RF channels also allowed
for two separate camera systems to meet
the design objectives.

B. ANALYSIS OF IMAGING SYSTEM
1. Lunar Luminance for Typical Missions

The expected luminance of the lunar surface
that may be seen by the Ranger cameras is
determined by the correct application of the
photometric data obtained by Earth-based
observations. According to experimental
photometry, the lunar luminance in the direc-
tion of the Earth as seen by an Earth~based
observer is given as

R, =R, ®(g, N (1)

where

R, is the luminance in the Earth
direction (candle/ft2);

R is the normal luminance, which
is the value of the luminance when
the surface is illuminated and ob-
served along its normal, (candle/
ft2);

®(g, A) is the photometric function (its

value is normalized and equals

unity when (g = 0} (See Figure

1);
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Figure 1. The Photometric Function Versus Phase Angle of the Sun

g 1is the phase angle of the Sun,
also the angle between the ob-
server and the Sun measured at
the area being viewed; and

A is the longitude of the point being
observed. (A is measured along
the radiance equator. For an
Earth-based observer, the radi-
ance equator coincides with the
lunar equator.)

The normal luminance can be expressed in
terms of the solar constant by the following
equation: '

R =A — (2)-

where

A 1s the normal albedo (dimensionless
ratio);

S, 1is the solar constant (foot-candles).

Therefore, by substitution, the lunar lumi-
nance in the direction of the Earth-based
observer becomes

R =% A ®(g, A) (3)

The experimental photometric properties of
the lunar surface as expressed by g, A) does
not agree with those obtained for mostterres-
trial materials.

The properties of ®(g,A) are such that: at
full Moon, the luminances of all areas reach
maximum values; the luminances are inde-

_pendent of latitude at any lunar phase, but

depend solely on longitude; and all formations
have approximately the same photometric
function.

In order to design cameras for an impacting
picture-taking mission, it is necessary to
predict the luminance of the surface being




observed. In order to determine the lumi-
nance of the area under observation from the
spacecraft, an equivalent area which is viewed
under identical conditions must be found for
an Earth-based observer. Figure 2 shows
the surface under observation; the important
lighting parameters are as follows:

e Observation angle (e) is the angle be-~
tween the surface normal and the optical
axis;

® Sun angle (s) is the angle between the
surface normal and the Sundirection; and

e Phase angle (g) is the angle between the
Sun vector and the optical axis.

If e s, and g are scaled off on Figure 3,
which shows the Moon as seen from the
Earth, a point P is found which has the same
value of the photometric function as the area
under observation from the spacecraft.

n = SURFACE NORMAL

—
C = OBSERVATION DIRECTION

—-
S = SUN DIRECTION

e =OBSERVATION ANGLE
s = SUN ANGLE

¢ = PHASE ANGLE

OBSERVATION DIRECTION c
1\' /

LUNAR SURFACE MATERIAL

7}

4

9 7
s /
7/
{ o ry
SURFACE SUN
NORMAL DIRECTION

Figure 2. Area Under Observation

SUB-EARTH
POINT

EARTH AND
MOON LINE

SUB-SOLAR POINT

SUN
DIRECTION

Figure 3. Determination of Equivalent Area for an Earth-Based Observer




From Figure 3, the value of the radiance
longitude () is found in the following man-
ner:

In the spherical right triangle (P, 90°, A)

cos A=525¢€ (4)
cos x
sin x = sin e sin A (5)

In triangle (P, A, s)

coSA=COSS—COSQCOSE (6)

sing sin e

Solving equations (4), (5), and (6) for cos A
yields:

cos e sin
cos A= g

(7)

(cos?e+cos2s — 2 cos g cos e)1/2

The value of A, as determined from equation
(7) may be to the right or left of the Earth-
Moon line. If angle A (Figure 3) is less than
90 degrees, A is to the rightandhas a negative
value; if greater than 90 degrees, A is to the
left and has a positive value. The values of

VOLUME 2 SECTION i

A are used in Figure 1 to find the value of the
photometric function, @.

The values of e, s, and g requiredin equations
(6) and (7) can be determined once the unit
vectors along the observation direction, Sun
direction, and surface normal are specified.

Neglecting the parallax of the Sun, a unit
vector in the Sun direction is

- - >
s =icos f_ cos ¢+ cos O, sin g, +ksin b6, (8)

where

6, is the lunar altitude of the subsolar
point;

¢, 1is the lunar longitude of the subsolar

point; and

s, 77 and k are unit vectors as shown in
Figure 4.

The surface normal, ;;, is depicted in Figure
5(b), which is an expanded view of area (A)
in Figure 4, and is expressed as:

-

hd “’I . .
r—;=RAc05y+ksinycoso+ismysma 9

SUB-SATELLITE
POINT

SURFACE
TELEVISED

SUN

SUB- SOLAR DIRECTION

POINT

Figure 4. Geometry of the Required Vectors




is the unit radius vector to the sur-
face being observed;

k' is the unit vector along the lunar
longitude at the point being observed;

j'* 1is the unit vector along the lunar
latitude circle at the point being ob-
served:

y is the angle between the normal and
the radius vector; and

o is the angle made with thtz k; vector
by the projection of n' onthek!, ' plane.

The vector in the direction of the optical axis,
is depicted in Figure 5(a), and is expressed
as:

C'= R, cos B+ K'sin B cos a+'sin Bsina (10)

R is the unit vector in the satellite
direction;

is the unit vector along the meridian
at the subvehicle point; and

i" is the unit vector along the latitude
circle at the subvehicle point,

Earth~-based studies indicate that the albedo
is a slowly changing function of position, and
changes in luminance of the scene are due only
to variations inthe photometric function caused
by changes in either g or A.

The value of g will vary over the photograph,
because of the camera field-of-view; how-
ever, g can be assumed constant for any lim-
ited area of the photograph. It can be seen
from Figure 1 that if the value of ¢ is con-
stant, only variations in A will be responsible
for changes in the scene luminance recorded
in any area. The curves show that the degree
of change in scene luminance with variations
in A depends on the value of g, being zero
when g equals zero and increasing for pro-
‘gressively greater values of g.

In summary, the background luminance of the
scene, against which surface features are de-
tected, is set by the value of'g. The dynamic
range of the luminance depends on the value of
A\, which varies due to changes in surface
orientation,

Since the primary mission requirement was
to determine the topological features of the
lunar surface, the direction of observation
and the lighting had to be selected to provide
an appreciable shadow content. The required
parameters are determined as a function of
the distance between the impact area and the
terminator (for missions with trajectories in
the plane of the lunar equator and the camera
axis aligned with the local vertical).

The parameters were calculated by means
of the vector geometry shown in Figure 5.
If it is assumed that the camera axis is
aligned with the local vertical, then the area
being observed is located at the nadir, and
the coordinate systems shown in a and b of
Figure 5 coincide.

Therefore,
k' —k" =K (11)
it =it =—ising +jcosd, (12}
RV:RA=icos¢p+isin¢P (13)
where

¢, is the lunar longitude of the point being
photographed,

If it is also assumed that the Sun direction is
in the plane of the lunar equator, the vectors
required to find g and A are givenby equations
(8), (9) and (10). Since 6_ in equation (8) is
equal o zero, equation (8) becomes:

i

-
s =

cos ¢ _+jsin (14)
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Substituting equation (12) for ;" in equation (9)
yields:
;=EA cos y+I:' siny cos o

(15)

- -
— i siny sin o sin ¢, + | sin y sin o cos ¢>P

Since

C=R, =R, (16)
substituting for R, from equation (13) yields

e e -»>

C=icos ¢, +ising, az)
Thus

cose=n-C=cosy (18)

cosg:C-;=cos¢>s¢>p+sin<f>s é, (19)

= cos (¢s - ¢P)

coss=n-s=cos(¢_—¢)cosy

+ sin y sin g sin (¢~ ¢, )

(20)

Substituting equations (18), (19) and (20) into
equation (7) reduces equation (7) to:

cos y

cos A= (2'”

(cos 2 y + sin? y sin? g)%

As shown by equation (21), the range of values
for » is from zero, when the normal is in the
meridian plane (¢ equals zero or 180 degrees),

to £y , when the normal is in the equatorial
plane. Consequently, for surface normals in
the meridian plane, the photometric function
is independent of y.

The background luminance and the dynamic
range of luminance can be determined as a
function of distance from the terminator by
using the curves in Figure 1 toobtain the value
of the photometric function, ®(g,A), and then
using this value in equation (3). Typical values
of lunar luminance are plotted in Figure 6,
assuming a normal albedo, A,, of 0.1 and a
solar constant, S_, of 13,400 foot-candles.

2. Lunar Luminance for Nonperfect Missions

The curves in Figure 6 allow the lunar lumi-
nance to be determined for a trajectory in
which the preestablished distance from the
spacecraft impact point to the lunar terminator
is not achieved, although the ability to make
a terminal maneuver to align the camera with
the local verticalis notimpaired. The following
analysis was used to determine the lunar
luminance for the case in which the terminal
maneuver cannot be made, causing the camera
orientation to be maintained as during the
flight.

For calculations in which the spacecraft is
assumed near the lunar surface, the two
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Figure 6. Typical Values of Lunar Luminance

coordinate systems shown in a and b of Figure
5 coincide. The camera orientation without a
terminal maneuver is shown in Figure 7. The
camera optical axisis maintainedat 38 degrees
with respect to the Sun vector. Assuming that
the impact point is in the equatorial plane, the
angles s, e, and g of Figure 3 are related as
follows:

s=e+g (22)

Substituting for s in equation (7) from equation
(22) reduces equation (7) to

COS A = cos e (23)

10

As shown in Figure 7,

e=90—¢p—38ty (24)

The expected luminance under the aforemen-
tioned conditions is given in Figure 8 as a
function of the distance between the impact
point and the terminator. Figure 9 shows the
expected luminances as a function of the dis-
tance between the impact point and the termi-
nator when there is a terminal maneuver to
align the optical axis along the velocity vector,

The curves shown in Figure 6 are based on a
terminal maneuver that places the camera
optical axis along the local vertical. Under
actual conditions, however, the terminal man-
euver places the camera optical axis alongthe
velocity vector of the spacecraft. The fra-
jectories in which the velocity vector and the
camera axigs coincide are limited to those
with impact points that are approximately 45
degrees in longitude from the Earth-Moon
line. (These trajectories are knownas normal
trajectories.) For impact areas not innormal
trajectories, the angle (a) between the velocity
vector and the surface normal can be approxi-
mated by:

B-45-¢,
1.39

a =

(25)

3. Vidicon Illuminance

The three fundamental characteristics to be
considered in the design and evaluation of a
camera system are (1) the transfer function,
(2) signal-to-noise ratio, and (3) the aperture
response. Basically, the transfer function
relates light intensities in large areas of the
scene to the output of the transducer, the
signal-to-noise ratio specifies the ability of
the system to detect variations in the light
intensity of the scene, and the aperture re-
sponse limits the ability of the system to
reproduce the details in the existing scene.

-In order to establish values for these param-

eters, it is egsential to determine the illumi-
nance on the vidicon target.
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Figure 7. Camera Orientation Without a Terminal Maneuver

Generally, calculation of the illuminance in
the image plane is based on the assumption
that the scene luminance is constant. If it
has a spatial distribution, the inability of the
optical and electrical systems to reproduce a
point source must be considered. The illu-
minance in the image plane is found in the
following manner.

Consider Figure 10 which shows an elemental
area do in the object space. The luminance
flux from this area falling on the aperture of
the optical system is:

AL = l1gQ (26)
where’

AL is the flux falling on the aperture;

lg is the intensity in the direction of
the collector;

Q) is the solid angle subtended by the
collector as measured from x, y,
in object space; and

0 is the angle the observation direc-
tion makes with the surface normal,

The intensity of the source in the direction of
the collector can be expressed in terms of the
luminance of the source as:

Rg=1y/ cos 6do (27)

where

Ry is the luminance of the source inthe
direction of the aperture; and

cos do is the projected area in the direc-
tion of the aperture.

At great distances from the optical system
the solid angle subtended by the collector is:

Q- 7D?

47 vos 3 (28)

where

s 52 cos B is the projected area of the col-
lector in the direction of «, y;

11
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B is the angle between the normal

Figure 9. Range of Luminance With a Terminal
Maneuver

to the aperture and the observa

tion direction;

r is the distance from the aperture

to x y; and

D is the aperture diameter.

and

a2 F?

() cos? B (31)
where

do is the area in the image plane;

Combining equations (26), (27) and (28) yields:

do cos 0

RGCOS BnD2
4 r2

AL

Letting

do' cos B _do cos §
(r')2 r?

12

¢ is the distance to the elemental

image;
(29) g
do' cos B is the projected image area along
the observation direction; and
(30)

F is the focal length
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Figure 10. Geometrical Representation of the Object-Image Plane

Substituting for () from equation (31) in
equation (30) and then substituting the result

for do cos € in equation (29) vields:
r

AL = Rom ; cos* Bdo’ (32)
5
D

As do approaches zero the flux AL is distrib-
uted in the image plane as though it originated
from a point source. The flux, AL, at XY

falling on an elemental area Ax' Ay' is ex-
pressed by:
R¢ w
AL, = -2 cos® BHE, n) do (33)

F )2
4 (£
G
where

f(£, n) is that fractional part of the total
flux in the point image which enters Ax'y, Aypi
and (£ n) are coordinates of the point (P) as
measured in a system whose origin is placed
at the geometrical image x',y' of x,y .

The illuminance at x',, y', due to a source at
do is expressed by:

R, (x.y)
BE (xt, yt )= 2o o 76 T
A Ay ez (34)

)

ecos? B F(¢, n) do*

where F(£, n)is the fractional part of the flux
per unit area of the point image.

Integrating equation (34), the illuminance at P
becomes:

E (x',y __°__E// Rg (xy) F(€, n) do'

(35)

In order to evaluate this expression, the lunar
luminance R (x, y) and the point spread func-
tion F(¢ n) must be specified.

13




The illuminance of the vidicon target for a
point on the optical axis can be simplified to:

E (x! y,)= TRIOL (36)

P 4(5)?
where f is the aperture ratio and is equal to
(ﬂ).
D
The expression rR(§)in equation (36) is ex-
pressed by:

#R(6)=S_A ®(g,\) (37)

where
S 1is the solar constant in foot-candles;
A, is the normal albedo;

®(g,n) is the photometric function (its value
is normalized and equals unity when
g is equal to zero);

g 1is the angle between the observer
and the Sun, with the viewed area as
the vertex; and

A 1is the longitude of the point being
observed, measured along the radi-
ance equator,

Substituting for #R(6) in equation (36) from
equation (37) yields:

S.A,®(g,\)

E (x; y;) = (38)
? 4(f)?
where £, is in lumens per square foot (or

foot-candles). The light energy E; incident on
the vidicon target is given by

E, - Z(ME, (39)

where Z is the lens transmission factor and
At is the exposure time.

4. Vidicon Characteristics

The vidicon characteristics that have the
greatest effect on image quality are spectral

14

response, sengitivity and modulation transfer
function.

In order to obtain acceptable television pic-
tures of the lunar surface, the spectral com-
ponents of the light reflected from that
surface must be considered. Observations
with Earth-based equipment indicate that the
reflectance of the Moon’s surface is almost
constant for any wavelength of the incident
solar illumination; with a slight rise toward
the infrared end of the spectrum. Therefore,
the spectral characteristic of the light re-
flected from the lunar surface is very close
to that of solar light, as shown by the Johnson
solar curve in Figure 11. This curve
has a peak value at approximately 460
millimicrons,

The spectral response of two vidicon types
that were supplied during the program is
shown in Figure 12. Early in the program,
vidicons were used in which the thin conduct-
ing layer of the vidicon target was a trans-
parent gold deposit. Later vidicons were of
the ‘‘Bis-Tic’’ type, whose curve is shown
on the right of Figure 12. Both vidicon
types have an antimony-sulphide oxy-sulphide
(ASOS) photoconductive layer, and both have
a spectral response that is adequate for ob-
taining acceptable pictures of the lunar
surface.

Vidicon sensitivity is expressed as the vidi-
con target current resulting from a light
source with a known spectral response. The
sensitivity of a number of vidicons was de-
termined using a collimator light source with
the response shown in Figure 11. When the
luminance of the collimator was set at 650
footlamberts, a vidicon in a camera with
an £/0.95 lens and a 2-millisecond shutter
period provided a target current output of
13 nanoamperes.

The vidicons that were used have a transfer
function (y) value ranging from 0.80 to 0.95,
with an average value of 0.90. The target
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current for any scene luminance is found by
using the relationship:

<Ev>y='7_ (40)
5 7,

where

I, 1is the current produced by exposure E,;

and
I, 1is the current produced by exposure E,.

The exposure (E) of the vidicon photocon-~
ductor is computed by using the following
equation:

g . BZ(At) (41)
L

where

E is the exposure in foot-candle-sec-
onds;

B is the collimator source luminance in
footlamberts;

z is the transmission factor of the lens;
At is the exposure time; and

f is the F~number of the lens.

C. ANALYSIS OF COMMUNICATIONS
SYSTEM

1. Communications System Constraints

Design of the communications system was
governed by a number of constraints. First,
the RF bandwidth was limited to less than 1
Mc with a carrier frequency of 960 Mc. Sec-
ond, the parameters of the Deep Space In-
formation Facility (DSIF) antenna and the
spacecraft antenna were fixed. (These param-
eters are shown in Tables 1 and 2.) And third,
the requirement was imposed to use existing
equipment wherever possible. Furthermore,
there were practical limits to the amount of
power, weight, and volume that could be al-
located to the communications equipment in
the TV Subsystem. The power limitation was
a major problem. For RF power outputs in

16

the range of 20 to 100 watts, the efficiency of
an RF power amplifier ranges from 10 to 20
percent. Thus the two 60-watt transmitters

were the major power consumers in the TV
Subsystem.

2. Desired Signal-to-Noise Ratio

The amount of RF power selected is based on
recovering the video signal on Earth at an
acceptable signal-to-noise ratio. For com-
mercial television, a signal-to-noise ratio of
30 to 35 db is generally accepted as good
quality reception. A 30-db S/N with FM
(triangular) noise is considered to yield a
picture equivalent to that obtained with an
S/N of 35 db for a flat noise spectrum, as
in AM. In commercial television, low-
frequency noise (such as ignition noise) in
the picture is considered more objectionable
than the overall graininess caused by high-
frequency noise. However, when the interest
is mainly in fine picture detail, as in the
Ranger mission, a lower S/N with flat noise
is preferable to a higher S/N with triangular
noise. A 30-db S/N was selected as the min-
imum acceptable S/N for the communications
link, The S/N was defined as the ratio of
peak-to-peak signal (full black-to-white video)
to rms noise, This S/N corresponds to a
24-db S/N when rms values are used for both
the signal and the noise. The conversion from
rms to peak-to-peak signal is 9 db, less 3 db
of loss due to the sync tip of the signal.

3. Selection of Modulation

a. GENERAL

The selection of a minimum acceptable S/N
made possible a trade-off analysis to select
the type of modulation for the communica-
tions link., The basic types of analog modula-
tion are AM, single-sideband AM, FM, FM
with feedback, and phase modulation. There
are other types of analog modulation, which
require the use of subcarriers, but these
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TABLE 1
RCA DSIF PERFORMANCE ANALYSIS
Receiving System Parameter Value Tolerance
Antenna gain (85 foot) 45.7 db +0.8 db
Axial ratio 0.5 db 0.1 db
Diplexer loss 0.23 db +0,03 db
: +0.2 db
Line loss 0.3 d
-0.0db
Maser gain (2 Mc BW) 9.6 db +0.5 db
Parametric amplifier gain (10 Mc BW) 20.0db
System noise temperatures:
Diplexer and line loss 33.3° K *13.2 o K
- 1.8°K
o + 0.2°K
Antenna loss 29.2° K _4.3°K
Maser parametric amplifier 38.0° K +5.0°K
- o +2.6°K
Moon 31.0° K _4.2°K
. o +21.0° K
Total noise temperature 131.5° K -15.3° K

types are not as efficient as direct modula-
tion when only one information channel is
needed. Phase modulation (PM) and FM with
feedback (FMFB) were eliminated early for
use in the TV Subsystem. PM was not satis-
factory because it is difficult to implement
true phase modulation over a wide frequency
range that includes essential DC signal com-~
ponents., FMFB (and phase-lock detection)
was dropped because it was still in the labor-
atory stage for wideband systems, and its
development did not fit into the Ranger pro-
gram schedule.

True single-sideband modulation cannot be
used for slow-scan video because of the low-

frequency response that is required. How--

ever, vestigial-sideband modulation can be
used. In this type of modulation, the carrier
is suppressed 6 db, and the required band-
width is approximately 0.6 of double-sideband
AM bandwidth.

A third form of AM, double-sideband sup-
pressed carrier, was investigated. This type
requires the same bandwidth as conventional
AM, but it does not require the power nor-
mally used in transmitting a carrier.

The foregoing analog types of modulation
were also compared with digital modulation.
The various modulation techniques were com-
pared and FM was selected as being best
suited for transmission of the video data from

17




TABLE 2

SUMMARY OF PERFORMANCE ANALYSIS FOR RCA DSIF

Parameter Value Tolerance
Transmitter power (60 watts) 17.8 db +1.0 db
Losses

RCA circuit 3.5 db +0.4 db
. . +0. 3 db
JPL circuit 1.7 db ~0.4 db
Spacecraft antenna -19.9 db +0.4 db
- +0.1 db
Antenna pointing 0.3 db -0.3 db
Polarization 0.14 db +0.1 db
Path loss 204.5 db
DSIF antenna -45,7 db +0.8 db
Receiving circuit db +0.23 db
g 0.53 -0.03 db
+2.33 db
Total losses 145.1 db -2.43 db
Total power received -127.3 db +3.43 db
(input to maser) -3.33db
. R +21.0° K
System noise temperature 131.5° K -15.3°K
Noise bandwidth 800 ke +100 ke
R . . +1.2 dbw
eceiver noise power -148. 4 dbw -1.1 dbw
Received Carrier-to-noise ratio 21.1 +4.53
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the TV Subsystem. The analyses of the var-
ious types of modulation considered are re-
viewed in the following text.

b. AMPLITUDE MODULATION

The spectrum for amplitude modulation is
expressed by:

A(l + M sin me) sin o _t (42)
where
A is the amplitude of the unmodulated
carrier;

M is the modulation index (O <M< 7);

o is the angular frequency of the car-
rier; and

w, is the angular frequency of the modu~
lation.

Expanding expression (42) yields:

" Asin wct+M—2A- sin (wc—cuM)f
(43)

+ MZ—Asin(wc+ wM)f

This expansion shows the frequency compo-
nents of the AM carrier. The first term
indicates the amount of power in the carrier
(which contains no information) and the sec-
ond and third terms indicate the amount of
power in the sidebands (either of which con-
tains all the information).

In a limited power situation, it is desirable
to conserve power by not transmitting the
carrier. The power transmitted in double-
sideband AM is expressed as:

P, — K24 (MK) (44)

2
P, = (MK) (45)
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where

P, 1is the total power transmitted;

P, 1is the modulation power; and

K 1is the rms value of the unmodulated
carrier, which is equal to é .

V2
The modulation loss is defined as the ratio of
P, to P, . Thus

Ao KM g, 1 (46)

- = 2
P, K2M? M

For double- sideband suppressed- carrier
transmission, P is equal to P, ; therefore,
there is no modulation loss. Vestigial side-
band AM suppresses the carrier 6 db, but
also reduces the modulation power by 6 db.
Thus, the modulation loss is the same as
that for double-sideband AM. The modulation
loss for these two types is plotted in Fig-
ure 13 as a function of the modulation index
(M). When M is equal to 0.8 (whichisa
reasonable index of AM in order to keep
distortion at an acceptable level), the modula-
tion loss is 4.1 db.

Although, the modulation loss is the same for
vestigial AM and double-sideband AM, the
noise bandwidth is less for vestigial AM.

Double~sideband suppressed carrier trans-
mission is easily achieved by the use of a
balanced modulator. However, in order to
recover the transmitted data, a reference
signal is required. This signal is normally
obtained by reinserting a small amount of
the carrier into the transmitted signal, and
then recovering this carrier with a narrow-
band carrier-tracking receiver. This system
is not satisfactory for video signals because
of the low~frequency components in the signal,
The carrier tracking link acts as a high-pass
filter and causes low-frequency distortion of
the video signal. Of all the AM schemes avail-
able, only double~sideband AM or vestigial
sideband AM was feasible for use in the TV
Subsystem. For double~sideband AM with a
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Figure 13. Modulation Loss for DSB-AM and VSB-AM
as a Function of Modulation Index

modulation index of 0.8, the relative trans-
mitter power required to obtain a picture with
a 30-db S/N (24 db rms-to-rms) is given
by:

Ppsg_am =S/N + 2B + Modulation loss (in db) (47)
= 2443 +4.1+10log B

31.1db+ 10 log B

where B is the required modulation bandwidth,
For vestigial sideband AM with the same
modulation index, the relative transmitter

power required to obtain a picture with the
same S/N is given by:

Pycsam = S/N + 1.2B + Modulation loss (in db) (48)

24+ 0.8+4.1+10 logB

28.9 db + 10 log B
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c. FREQUENCY MODULATION

Frequency modulation provides an improve-
ment in the signal-to-noise ratio when the
carrier is demodulated. This improvement
factor is a constant as long as the system is
above threshold. As a conservative estimate,
threshold is assumed to occur at a carrier-
to-noise ratio of 12 db. For minimum power
consumption, the gsystem should be designed
to operate at threshold. Therefore an FM
improvement of 12 db is required to raise the
carrier-to-noise ratio of 12 db to the desired
signal (rms)-to-noise (rms) ratio of 24 db.

The FM improvement(/_, )is a function of IF
bandwidth, and is given by:

IF (49)

where
M  is the modulation index;
B,e is the required IF bandwidth; and
B is the modulation bandwidth.
The IF bandwidth (B,.) is given by:
B,r = 2(M+1)B (50)
Substituting for B,.from equation (50) to equa~
tion (49) yields:

[31204:1) B
2B

! =M

- (51)

Reducing equation (51) yields:

loy = M vV 3(M+1) (52)

FM improvement versus modulation index is
plotted in Figure 14. As shown in the figure,
an FM improvement of 12 db requires a modu-
lation index of 1.45. This modulation requires
an IF bandwidth of 4.9B, as computed by means
of equation (50).

In summary, the FM system requires a
carrier-to-noise ratio of 12 db in an IF band-
width of 4.9B, and has no modulation loss.
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Thus, the relative transmitter power required
for a picture with a 30-db S/N is:

P = Rey+4.9B (in db)

12+6.9+10 log B (53)

]

18.9db + 10 log B

where RCNis the carrier-to-noise ratio.

A comparison of equations (47), (48) and (53)
shows that ¥M requires 10 db less trans-
mitter power than vestigial-sideband AM, and
12.2 db less power than double-sideband AM.
An additional advantage of FM over AM is that
higher efficiency power-amplifier stages may
be used. An AM transmitter requires Class A
power amplifiers to provide linear amplifica-
tion after modulation while an FM transmitter

VOLUME 2 SECTION 1l

can use Class C amplifiers. A Class A stage
has a maximum plate efficiency of 85 percent.
(At the frequency used, the overall efficiency
of the power amplifiers in the TV Subsystem
was 50 percent.)

d. DIGITAL MODULATION

Pulse-code modulated (PCM) transmission was
investigated to obtain a comparison of digital
and analog techniques. For good-quality digital
television, it is generally accepted that 6-bit
PCM is required to minimize quantization
noise (contouring). If 6-bits per sample are
used at the theoretical minimum sampling rate
of twice the highest modulation rate, and 1-bit
per cycle is assumed, a bandwidth of 12B is
required. Assuming an acceptable word error
rate of 1 in104(i.e., 0.01 percent of the pic-
ture elements are wrong), the required bit
error rate is determined from the following
expression:

(1 -Pyg) = (1-PBE)” (54)
where
Pye 1s the probability that a word is
in error;
(1-Pyg) is the probability that a word is
correct;
Pge  is the probability that a bit is in
error;
(1-Pgeg) is the probability that a bit is

correct; and
N is the number of bits per word.

For a low error rate (P <10°?) the first two
terms in the binomial expansion can be used
to represent (1-Pgg)V . Thus,

1-Pye = 1-NPge (55)

or

1
Pe =(W) Fue (56)
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Substituting 10* for P,e and 6 for N yields:

1104 57
Pge = 10 (57)

In order to achieve this error rate, an S/N
of 9.3 db is required ina 6B bandwidth. There-

fore, the relative transmitter power for 6-bit
PCM is:

P
PCM

S/N +12B (in db)
(58)

il

9.3+10.8 +10 log B

20.1db+ 10'log B

This power can be reduced by using 2 bits
per cycle instead of 1 bit per cycle. At 2 bits
per cycle, the relative transmitter power is
reduced 3 db to 17.1 db + 10 log B.

In summary, there is very little difference in
the transmitter power required for PCM or
FM. However, PCM had two disadvantages,
which led to the choice of FM over PCM, First,
there were serious problems to be solved in
developing an analog-to-digital converter that
operates at 400,000 to 800,000 samples per
second. Second, the RF bandwidth required for
the PCM system was prohibitive. For a base-
band of 6B to 12B (depending on the number
of bits per cycle of bandwidth), the RF band-
width would be 12B to 24B, as opposed to an
RF bandwidth of 4,.9B for the FM system, A
major system constraint was the RF bandwidth
limitation of 1 Mec. At this bandwidth, the FM
system could support a 200-kc baseband while
the PCM system could only support a 42- to
82~kc baseband.

4. Preemphasis Considerations

Preemphasis is utilized in FM transmission
to improve the signal-to-noise ratio (S/N).
The higher modulating frequencies are boosted
to provide more frequency deviation of the
carrier than that provided by the lower fre-
quencies, This high-frequency boostis reduced
at the receiver, restoring a flat overall fre~
quency characteristic. When the high fre-
quencies are attenuated, the noise pickedup by
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the receiver is also reduced. Since most of
the noise occurs at the higher frequencies,
the overall S/N is improved by the preempha-
sis technique. If the increase in S/N is not
needed, the deviation, and consequently the RF
bandwidth, can be reduced to reestablish the
required S/N. A reduction in RF bandwidth is
accompanied by a decrease in the transmitter
power needed to obtain the desired S/N.

This technique was used in the TV Subsystem
where the reduced bandwidth also served to
establish adequate guard bands between the
video channels and the JPL transponder
channel,

A plot of the actual preemphasis and de-
emphasis used in the Ranger system is shown
in Figure 15. If a frequency scale factor of
1:2-35 is used, the networks can be repre-
sented by the following Laplace transforms
and the schematic diagrams of Figures 16
and 17,

The preemphasis is represented by:

e_o_s+1 (59)
e

The deemphasis is represented by:

& <S+4> (60)
e, 4 \ S+

The FM noise voltage above threshold is
directly proportional to frequency; noise power
is directly proportional to frequency squared.
The total power output of a linear system is
given by:

| H(jo)? ®(jo) do (61)

where H(jw) 1is the impulse response of the
network; and

®(jw) is the spectral density of the
power into the network.
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Figure 16. Preemphasis Network

For this analysis, the low-pass filter is as-
sumed to be an ideal filter with a cutoff fre-
quency at 200 ke (or S is equal to 200/35 for
the frequency scale factor previously se-
lected). The limits of integration are thus
reduced to 200/35 or +5.7. For a flat system
(no deemphasis), H(jw) is equal to 1; for a de-
emphasized system, H(jo) is given by:

H (jo) = %(I."w“’—j,“_) (62)

Figure 17. Deemphasis Network

In both cases, ¢ (jo) is equal to »?. The total
noise power output of the flat system is
given by:

(63)
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The total noise power output of the deempha-
sized system is given by:

5.7

oz _ 1 1 (e?+16)
e, = 3, / 6 —_(w2+ 1) w* do (64)
J -5.7
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Thus, the total noise power reduction achieved

with deemphasis is equal to the factor é77—'970r

8.93 db. With this amount of preemphasis im-
provement, the FM improvement required was

only 4.0 db. The modulation index (at low fre-
quencies) was therefore reduced from 1.45
to 0.65. With these parameters, the communi-
cation system was able totransmitand receive
a 200-kc video modulation bandwidth with an
optimum signal-to-noise ratio, and provide
an 80-kc guard band on either side of the
JPL beacon, and a 20-kc guard band at the
outer edges of the band. The channel alloca-
tions and the RF spectrum are shown in Fig-
ure 18. The system also provided sufficient
bandwidth to permit the use of a 225-kc sub-
carrier for the transmission of engineering
telemetry.

5. Link Analysis

The RF channel assigned to the Ranger Space-
craft was a 2-Mc band centered at 960 Mec.
The use of this channel posed no special prob-
lems for the type of communications required
by the Ranger mission. In fact, 960 Mc is
near the theoretical noise figure limit of the
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Figure 18. Channel Allocations and RF Spectrum
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Maser preamplifier used in the ground station where
r‘.ecenzu}g system. (The nox'se sources occm.'— A is the wavelength, which is equal to
ring “#¢ various frequencies are shown in R

. X approximately 0.3 meter;
Figure 19.) This frequency was also an opti-

mum choice in terms of the state of develop- d is the Earth-to—Mqaon distance, which
ment and reliability .of space vehicle is equal to0 4.02 x 18° meters;
tra . : . < pes
ransmitters G, is the gain in db of the transmitting
A major term considered in the link analysis antenna over an isotropic antenna;
wag the path between antennas. This loss is G is the gain in db of the receivi an-
iven by:
given by tenna over an isotropic antenna;
P A2 : P is the transmitted power; and
R . G (65
P 4-d2] T R » 1s the received power.
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Figure 19. Noise Densities and Their Sources
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Therefore,

Pr

-}3; = ~204.5db + GT + GR

Another term considered was receiver noise
power, which is defined as

P, =10 log o+ 10 log Tz + 10 log B (66)
where
P, is the receiver noise power;
o is Boltzmann's constant;

T. is the effective noise temperature,
which isequalto T, plus T,,or131.5° K;

T, is the effective temperature at the an-
tenna terminals when connected to a
perfectly noiseless receiver;

T, is the effective noise temperature of
the receiver, referred to T,; and

B 1is the noise bandwidth, which is equal
to 800 + 100 ke,

Evaluating equation (66) yields:
R, = ~148.4 dbw

All of the terms in the link analysis are listed
in Table 2. This tabulation shows that the
carrier-to~noise ratio exceeds threshold by
approximately 4 db, even when the worst-case
tolerances are used.

6. Configuration of the TV Subsystem
Communications in the Spacecraft

Two 900-kc channels, one on either side of
the JPL beacon, were available for the trans-
mission of video information. In order to use
these channels to obtain the maximum amount
of data, it was decided to operate two camera
and transmitter chains, each occupying a
separate channel, and each completely inde-
pendent of the other. This arrangement is
shown in Figure 20, which shows the two
channels being combined in a Four-Port Hy-
brid. The composite video signal from the
Four-Port Hybrid is combined with the JPL

ENGINEERING ] = 15~ POINT CRUISE 3-KC TO JPL
DATA | —# COMMUTATOR T"" vCo ~ TRANSPONDER
TV
MODE
ENGINEERING | =% 90-POINT 225 -KC DUMMY
DATA | ~—#=~ COMMUTATOR vCO LOAD
TO JPL
F~CHANNEL | F-cHANNEL 4-PORT 4o Fo0T
VIDEO TRANSMITTER HYBRID DISH
P-CHANNEL
VIDEO
225-KC P-CHANNEL
veo TRANSMITTER

Figure 20. Functional Block Diagram of the TV Subsystem Communications in the Spacecraft
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transponder signal in a directional coupler
before being transmitted over the high-gain
antenna of the spacecraft.

The foregoing method of combining the three
channels (F-Channel, P-Channel, and JPL
transponder) is passive; i.e., no RF switching
is required. The use of the Four-Port Hybrid
resulted in a 3-db loss in each video channel;
however, the close proximity of the channels
precluded the use of diplexers (filters) for
combining the channels. Also, the full on-line
redundancy achieved by the use of the Four-
Port Hybrid provided the highest probability
that the last group of pictures (closest to the
lunar surface) would be transmitted.

With the basic configuration described, link
analysis indicated the need for a power ampli-
fier with an RF output capability of 60 watts.
The complete transmitter chain consisted of
an FM modulator, which was crystal-controlled
at 20 Mc; two frequency multipliers (a X4 and
a X12); an intermediate power amplifier; a
60-watt power amplifier; a DC~to-DC con-
verter, which provided the required operating
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voltages from the TV Subsystem batteries;
and a telemetry processor, which conditioned
the telemetry data and regulated the power
amplifier cathode current. The block diagram
of a single transmitter chain (F-Channel or
P-Channel) is shown in Figure 21.

D. ANALYSIS OF OVERALL TV
SUBSYSTEM

1. Signal-to-Noise Ratio

The signal-to-noise ratio at the output of the
camera depends on the lunar scene luminance
and is given as

(67)

S___ is the peak-to-peak video signal;

N..s is the rms noise signal;
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I_ is the vidicon target current due to
the video signal;

is the vidicon target current due to
noise;

is the vidicon target current due to
maximum illumination;

is the value of maximum illumination
to which system gain is adjusted;

B, is the actual illumination en-

countered;

y is the vidicon transfer function; and

|
K is the ratio,_K-
N

The signal-to-noise ratio of the spacecraft
communication chain, independent of the cam-
era is given as

Spep _[E _Fi By (68)
N N )\F, 2F,

N is the peak-to-peak noise signal;

p-p

% is the carrier-to-noise ratio;

Fp is the deviation frequency;

F, is the video frequency; and
By,r is the IF bandwidth,

In order to obtain proper operation of the TV
Subsystem, the gain of the video amplifier in
the camera is adjusted so that the maximum
illumination expected will provide 1.5 volts
at the output of the video combiner. At the
same time, the deviation frequency F,is set
at +130 kilocycles for a +0.75-volt DC input
to the modulator. The performance of the TV
Subsystem is related to two items, which are,
(1) the value of maximum illumination 8, to
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which system gain is adjusted, and (2) the
actual scene illumination B, encountered.

Therefore,
B, Y
VO = VK B_K (69)
where

Vo is the voltage at the output of the video
combiner; and

V., is the voltage at the output of the video
combiner due to maximumillumination.

and
F

- (70)
fox

X< |O<

where F, is the frequency deviation due to the
actual illumination(B,); and

Fpx is the frequency deviation due to maxi-
mum illumination.

Substituting for V, from equation (69), equation
(70) becomes:

= — (71)

B\
(2

The deviation frequency(F,), due to the actual
illumination, can be substituted for F inequa-
tion (68). Substituting for F, from equation (72)
to equation (68) yields:

8\’
o (5
S <C> By 3By, ¢

N F, ZF, 73




which gives the combined signal-to-noise ratio
of the camera and the communication chain.

An evaluation of equation (73) reveals that the
signal-to-noise ratio of the TV Subsystem can

B
be maximized if the ratioB—I is maximized.
K

This function can be performed by an auto-
matic aperture control that adjusts for the
actual illumination B, and maintains the ratio

IT’ at a maximum value. For systems that have
K

to record a wide range of scene illuminance,
such a tfechnique would be essential. In the
case of Ranger, however, the range of antici-
pated illumination did not exceed the dynamic
range of the vidicon. Moreover, an automatic
aperture control could not be used because
maximum lens aperture and maximum vidicon
sensitivity were required for a mission close
to the lunar terminator.

Another possibility is to maximize the signal-
to-noise ratio by causing \(F,,) (equation 73) to

vary inversely with the ratiog'- . This can be
K

accomplished in either of two ways. First,
the video amplifier gain can be controlled

v
automatically to maintain the ratiovo‘ at its
K

maximum value. Second, the maximum devi-
ation frequency (F,,J can be altered automati-
cally as a function of the illumination. Either
of these control problems could be solved by
the use of an auxiliary set of optics and a
sensor with the same field-of-view as the
vidicon. This type of auxiliary equipment is
necessary to permit the fast response re-
quired with changing scene illumination in the
terminal phase of the picture-taking mission.
The foregoing arrangement also requires the
use of electromechanical devices to synthe-
size the control problem. The additional equip-
ment and the prospect of moving parts weighed
heavily against this technique.

The control problem could also be synthesized
by modifying the video gzin or the maximum
deviation frequency in a few discrete steps
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as a function of vidicon illumination. As an
alternative to electromechanical devices, the
control elements could be limited to diodes
and lumped circuit parameters. If an effective
means could be conceived to integrate sample
output data from the vidicon target image,
the video itself could be the control signal.
The major drawbacks to any control technique
that utilizes an auxiliary photometric sensor
are the additional equipment complexity and
the problems of setting and maintaining the
precise calibration required.

In the interest of simplicity and reliability, a
third control method was adopted for the TV
Subsystem. In this method, the maximum
deviation frequency and the gain of the video
amplifier are fixed. This technique is most
effective when the spacecraft trajectory can
be controlled to limit viewing to those areas
of the lunar surface that provide illumination
within the dynamic range of the camera. How-
ever, there was the possibility of a nonstand-
ard mission in which the point of impact would
be closer to the subsolar point than originally
planned. There was also the possibility that

the values of lunar brightness predicted for
close viewing of the lunar surface would be
in error. Complete allowances could be made
for these two nonstandard conditions, within
the dynamic range capability of the camera,
by setting the video amplifier gains and the
maximum frequency deviation to correspond
to the highest illumination possible at the
subsolar point.

If complete allowances were made for the
worst-case nonstandard conditions, the reduc-
tion in signal-to-noise ratio during a standard
mission would jeopardize the quality of the
photographs. Therefore, allowances were only
made for moderately nonstandard conditions.
The video gain of the 75-mm f/2 cameras on
Ranger VI and Ranger VIl was setfor a B, value
of 2700 footlamberts; the gain of the 25-mm
£/0.95 cameras was set for 650 footlamberts.
After the successful flight of Ranger VII, there
was increased confidence in accomplishing the
desired spacecraft trajectory. As a result,
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less emphasis was placed on nonstandard
missions, and the gain of the 75-mm f/2 cam-
eras was set for aB, of 1500 footlamberts,
which provided a corresponding improvement
in the signal-to-noise ratio,

2. Sine-Wave Response of the TV Subsystem

The TV Subsystem contains several electro-
optical transducing systems in cascade. These
systems transform the real scene into a two-
dimensional image, which is ultimately pre-
served in the primary film recording at the
ground station. The elements of the electro-
optical system are shown in Figure 22. The
ability of these elements toreproduce animage
can be defined by the two-dimensional point
spread function of the image at the output of
the element. The image at the output of the
total system is the result of a convolution
(i.e., the mathematical process of scanning
one function with another) of the cascaded
point spread functions. The point spread func-
tion is defined as the resolving aperture of
the image-forming device, referred to the
image plane,.

The accuracy of reproduction of real scene
detail is determined by the geometry and
intensity distribution of the point image. Each
of the elements of the imaging system, such
as the lenses; the vidicon; the kinescope; and
the photographic film, form point images of
a finite size. If the point image of each of

these elements is described by a two-
dimensional point-spread function, the point-
spread function of the final image is the result
of the convolution of the point-spread func-
tions of the cascaded elements. The light flux
distribution in the final image is readily com-
puted by scanning the flux distribution function
that describes the real scene with the function
that described the point-spread function of
the imaging system,

Since it is quite difficult to develop the two-
dimensional function that represents the scene,
optical systems are usually analyzed by testing
with test objects that have an intensity distri-
bution of one dimension only. In the test, the
point image of the optical system scans the
one-dimensional test object to produce a line
image that is described by its line transmit-
tance function. The output produced by two
optical systems with line transmittance func-
tions in series is the convolution of the line
transmittance functions.

The intensity distribution of a one-dimensional
line-pattern object can be expressed by a one-
dimensional periodic function, which is a
Fourier series with a fixed term and a series
of harmonic sine-wave terms (or line spec-
trum). The intensity function of the image
has the same line spectrum, but differs in
amplitude and phase. The differences in ampli-
tude and phase are characteristic of the par-
ticular aperture. If test objects are used that
have a constant amplitude in one dimension and
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Figure 22. Elements of the Electro-Optical System
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an intensity distribution of only one sine-wave
term, the resulting image is the same periodic
sine wave, and differs from the test object
in amplitude and phase only.

A normalized Fourier spectrum of the trans-
form of the aperture is described by the con-
tinuous function.

rg 9=9(N) (74)
where

ry is the sine-wave response factor of the
aperture;

f is the phase angle of the aperture; and

N is the line number equal to twice the
spatial frequency that is obtained by
convolution with sine-wave objects of
constant amplitude and spatial frequen-
cies from zero to infinity.

The Fourier spectrum is a description of the
aperture properties in the frequency domain
and is the transform of the transmittance func-
tion in the space domain. The cascading of
apertures in the frequency domain can be
described by convoluting the Fourier trans-
forms of the individual apertureg. The impulse
function (or time function), /=#(t), for elec-
trical circuit elements is analogous to the
aperture functions of the optical elements. The
frequency-domain fransforms of the electrical
and the optical elements can be combined by
convolution.

In order to determine the value of the sine-
wave response characteristic(@) of a tele-
vision system, a one-~dimensional sine-wave
test pattern of period N, is aligned so that the
scanning direction is parallel to the sine func-
tion. The output () of the system at the test
object period (Ni)' is then compared with the
output (JNO) of a reference period (N,) to yield
the sine-wave response characteristic ('1,7, ).
Thus

;o= ' (75)
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The sine-wave response of the various ele-
ments of the TV Subsystem was calculated
using the foregoing methods. In comparing the
sine-wave response of the photo-optical ele-
ments, it became clear that the vidicon was
the limiting factor in reproducing scene detail.
However, the analysis highlighted the need for
exercising great care in selecting the other
system elements and in specifying the bandpass
of the electrical channel, in order to prevent
further reduction inthe response of the system.
With this design goal in mind, each of the
major elements of the system was evaluated
and specified. The electrical channel of the
TV Subsystem was specified to have a uniform
response that would decrease no further than
3 db at the edge of the passband of the scan-
ning aperture. The edge of the passband was
defined as the point where the sine-wave re-
sponse (1] ) decreases from unity to zero. In
practice, this point corresponds to a relative
resolution response* of 2 percent. The band-
pass of the electrical channel is the resultant
of the combined bandpasses of the individual
channel elements in series, as shown in
Figure 23.

3. Evaluation of Translational Smear

Translational smear of pictures is caused
by the displacement of the image plane rela-
tive to the object during the exposure time
of the camera. This motion results in a re-
duction of image sharpness. A quantitative
evaluation of smear was derived with the aid
of the model shown in Figure 24.

The figure represents a three-dimensional
model of the spacecraft-Moon geometry in
the final seconds before impact. The model
is a tetrahedron, which is formed by the
intersection of four triangular planes. Three
of these planes are of interest inthis analysis.
The lunar surface is represented by the plane

*The response to a given number of TV lines normalized with
respect to a black bar on a white field.
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Pi10.. The spacecraft trajectory relative to the
lunar surface is described by plane SP!. The
third plane of interest is SO/ . This plane is
bounded by the spacecraft-to-impact distance,
the camera-to-surface distance along the cam-
era optical axis (range), and the path formed
by the sweep of the optical axis along the
lunar surface.

The spacecraft is at position S at the beginning
of shutter actuation, and at position S' when
the exposure is completed. The altitude of the
spacecraft at point S is represented by H, and
at point S' by H'. Point / is the spacecraft's
impact point on the lunar surface.

In order to analyze image smear, only one
point in the image plane can be considered
at a time. Thus, a single optical ray to a point
on the image plane is shown intersecting the
lunar surface at point O when the spacecraft
is at position 5, and a ray to the same point




on the image plane is shown intersecting the
lunar surface at point O* when the spacecraft
is at position $'. The smear(S,) of the point
on the image plane is the distance between
points O and 0'. The distance 30 is the cam-

H

era range and is equal to;s—n.

All values in this analysis are normalized
with respect to the distance (§/) that the
spacecraft travels before impact. These nor-
malized values make it possible to calculate
a relative velocity for: (1) the rate of approach
of the spacecraft to the lunar surface; (2) the
rate of approach of the spacecraft ground
track (P/) to the impact point; and (3) the
rate of the intersection formed by the cam-
era optical axis and the lunar surface as it
approaches the impact point. The velocity of
this intersection can be used directly to de-
termine the smear at the corresponding point
in the image plane.

If a normalized value of 1 is assigned to the
distance S/, the altitude of the spacecraft is
equal to cos a, and the distance traveled by
the ground track of the spacecraft is equal to
sin a, The camera range (50) is equal to

cos a
cos 7’

and the ground distance (PO) to the

camera axis intersectionis equal to cos a tan 7.
The magnitude of the line of smear (0/), by
the law of cosines is

(onz‘AJ, (zz;:)z _2(2_29 cos i (76)

For trajectories wherethe angle ¢ betweenthe
camera optical axis and the velocity vector
of the spacecraft is small (less than 10 de-
grees), the distance along the spacecraft ve-
locity vector and the camera range are of
nearly equal magnitude. The normalized length
of O/, in this case, is closely approximated
by sin ¥. Thus,

S, = V(At)siny (77)
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where

S, is the smear distance covered by the
camera axis along line O/ during one
picture exposure;

V is the velocity of the spacecraft along
the velocity vector S§/; and

At is the exposure time.

A plot of S, versusy for different values of
At ig shown in Figure 25,

The smear expressed as optical line pairs
is given by:

Sy

"R 78

where
y, is the smear in optical line pairs; and

R, is the intrinsic resolution in meters per
optical line pair,

and
Vt cos a
R - ——— T (79)
d FN.-.—: cos?y
where

F is the focal length of the camerainmm;
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Figure 25. Translational Smear as Function of the
¥ Angle and Exposure Time

33




t is the time to impact in seconds;

N_ is the line density of the scanned image
in optical line pairs per mm, and is a
constant for the system.

Substituting from equations (77) and (79) to
equation (78) yields

Vt cos a

FN cos?
y, = V(A sin <'"—”> (80)

The term V cancels out of equation (80) yield-
ing

FN 2,
y, = (M) sin <_’"ﬂ> (81)

t cos a

Since 75 is almost equal to y for a y of less than
10 degrees, equation (81) is simplified to

FN,, cosy sin ¢ (At)

Y, = (82)
t

For typical values of cos n=1; ¢ = 1% At = 2 mil-
liseconds:
N_ = 35.7 optical line pairs per mm;

F = 75 mm; and
Y, = 0.0932
t

optical line pairs.

For a focal length (F) of 25 mm

¥, = O'?37 optical line pairs

A plot of smear (y,) and intrinsic resolution
R, versus time-to-impact () is shown in
Figure 26.

4. Resolution

The degree of resolution that can be obtained
of lunar surface features is a function of the
parameters shown in Figure 27. The resolution
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(R,Jon a surface normal to the camera optical
axis is given by:

R H
n = FN,, cos g (83)
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Figure 26. Smear and Intrinsic Resolution versus Time-
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where

H is the spacecraft altitude above the
lunar surface;

N* is the line density of the scanned image
in optical line pairs per mm; and

n is the angle between the normal to the
lunar surface and the camera optical
axis.

The resolution of the lunar surface, however,
varies from equation (83) by a factor of
1

oy because of the larger area observed.
This surface resolution is known as the in-
trinsic resolution(R,) of the system and is ex-
pressed as

R —————H (84)

i” FN,, cos? g

The altitude (H) of the spacecraft can be ex-
pressed as

H = Vtcosa (85)

*Nm is also defined in TV lines per mm as

N < No.of T\'/ lines

m
na

where d is the raster height in mm and n is the number of TV
lines per optical line pair.
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where
V is the velocity of the spacecraft;
t is the time-to-go before impact; and

a is the angle between the velocity vector
and the normal to the lunar surface at
the impact point.

Substituting for H from equation (85), equation
(84) becomes

R, - Vt cos a (86)
FN,, cos? 7

The curve in Figure 28 shows the velocity
profile of the spacecraft for the terminal phase
of a typical trajectory. Resolutions(R, jobtained
for various values of focal length (F) during the
terminal phase are listed in Table 3.

5. Lens Selection

The selection of a lens for the mission was
greatly influenced by the requirement that the

i ifiad for " o
lens must either be already qualified for space

applications, or be of such design that quali-
fication would be a short-time process. This

INTRINSIC RESOLUTION (ITA‘::;:S:’PER OPTICAL LINE PAIR)

Time to Altitude Focal Length

Impact in

(seconds) Meters 25-mm 75-mm 150-mm
1.0 2700 3.00 1.00 0.50
0.5 1300 1.50 0.50 0.25
0.4 1080 1.20 0.40 0.20
0.3 710 0.90 0.30 0.15
0.2 541 0.60 0.20 0.10
0.1 270 0.30 0.10 0.05
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Figure 28. Spacecraft Lunar Closure Velocity as a
Function of Altitude

requirement was imposed because the schedule
for the fabrication of hardware did not allow
sufficient time for a lens development
program.

Preliminary studies indicated the need for a
large aperture lens to provide an adequate
signal-to-noise ratio. However, lens weight
increases approximately as the cube of the
lens diameter, and a heavier lens requires
a heavier structure and camera housing. Thus,
the weight limitations imposed on the TV Sub-
system eliminated the use of lenses with long
focal length.

Optical performance factors suchas the modu-
lation transfer function, the sine-wave re-
sponse, and the off-axis illumination weighed
heavily in the choice of a lens. Two lenses
in the 75-mm £/2 class were considered: the
Bausch and Lomb Super Baltar and the Elgeet
Cine-Raptar, These lenses had equal pros-
pects of being adapted mechanically to the
rigors of the space environment. The axial
and edge-of-format response was measured
for each lens. These responses, as compared
to the sine-wave response of the vidicon, are
shown in Figures 29 and 30. The Elgeet lens
had superior on-axis response, but the off-axis
response fell off rapidly. The off-axis data are
shown in the graphinserts of Figures 29and 30.
The Bausch and Lomb lens exhibited the best
overall performance and was therefore se-
lected for use in the F- and P-~-Cameras.
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Attention was then directed to the selection
of a second lens of larger aperture for some
of the TV Subsystem cameras. The use of two
different lens types in the system expanded
the capability of the TV Subsystem to ac-
commodate a wide range of scene luminance,
and ensured that adequate pictures of the lunar
surface would be obtained even if the range of
possible impact areas extended from the sub-
solar point to within 10 degrees of the termi-
nator. The lens selected for this purpose was
an Angenieux 25-mm /0.9 lens. The modula~
tion transfer function and the off-axis illumi-
nation characteristics for this lens are shown
in Figure 31. The Angenieux lens provided a
wide field-of-view and increased camera sen~
sitivity to the extent that shadow detail withan
average luminance of only 50 foot-candles could
be recorded.

6. Selection of Vidicon Scanning Rate and
Frame Time

The values of horizontal sweep rate and verti-
cal frame time are selected on the basis of
the video-bandwidth, the number of TV lines
in the picture, the required retrace time for
the horizontal sweep, the aspect ratio and the
Kell factor. The aspect ratio selected for the
Ranger cameras was unity, since a square
format allows the maximum photoconductor
area to be scanned in a given time. The Kell
factor(k )is given as

N (87)
kv =Ts

where N, is the number of scan lines required
to produce the desired resolution;
and

N is the desired resolution in TV lines.

This constant has been determined experi-
mentally to have a value of 0.707.

The time duration of the smallest TV element
on a horizontal line is determined by the band-

width (B) and is equal to-zé . The time to scan




one horizontal line(t,)is, therefore,

L) )

where N is the number of TV lines in the pic-
ture. (N has a value of 800 for the
F~-Cameras and 200 for the P-
Cameras);

H is the aspect ratio, which has a value
of 1;

f, is the horizontal sweep frequency;
and

k, is given by
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The vertical frame time, or the time to read-
out the picture (T}, is given by

(89)

Substituting for +, from equation (88) and for
N from equation (87) yields:

T N H 1 N
R=2B°V *k, °k,
Therefore,
2
N H
Tg = 2Bk k, *V (90)
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The preceding equations were used to deter-
mine the values of the F-Camera parameters.
These values are shown in Table 4.

The P-Camera parameters were selected to
give greater resolution than that obtained with
the F-Cameras. This increase in resolution
was accomplished by decreasing the scanned
area and maintaining the same sweep velocity.
The values of the P-Camera parameters are
shown in Table 5. These values were deter-
mined by using equations (87) through (90).
The reduced vertical frame time of the P-
Cameras ensured that a picture of the lunar
surface could be scanned and transmitted from
a distance very close to the lunar surface,
just before impact.
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7. Erase Cycle Considerations

The bandwidth limitations and resolution re-
quirements dictated the use of a storage-type,
slow-scan vidicon. Because of the highimage-
retention characteristics of this type of vidicon,
a residual image remains onthe vidicon photo-
conductor for a relatively long period of time
after readout. In order to maximize the avail-
able time for picture taking, an erase cycle
was added to the operation of the vidicon. The
erase cycle consists of two operations. The
vidicon photoconductor is first flooded with
light, which bleaches the previous image and
discharges the photoconductor. The photocon-
ductor is then uniformly recharged with a
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TABLE 4
F-CAMERA PARAMETERS

Parameter

Value

Horizontal read time (t,)
Horizontal retrace time (t,,)
Horizontal sweep frequency (f,)
Number of scan lines (N¢)

Number of TV lines per picture
height (N)

Vertical frame time (7,)

Scanned area

2 milliseconds
0.22 millisecond
450 cps

1150

800 TV lines
2.56 seconds

0. 442-inch square
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TABLE 5
P-CAMERA PARAMETERS

Parameter

Valuve

Horizontal read time ()
Horizontal retrace time (t,,)
Horizontal sweep frequency (f,)
Number of scan lines (Ns)

Number of TV lines per picture
height (N}

Vertical frame time (T)

Scanned area

555 microseconds
111 microseconds
1500 cps

305

216 TV lines
0.2 seconds

0.11-inch square

rapidly scanning beam. The vidicon is ex-
posed for the next picture after the erase cycle
is completed. The total cycle of camera op-
eration from one exposure to the next requires
4.72 seconds for the F-Cameras and 0.66
second for the P-Cameras.

8. Nyumber of Cameras Selected

The number of cameras to be included in the
TV Subsystem was selected on the basis of
optimum utilization of the available time. A
single F-Camera requires a minimum of 4.72
seconds between consecutive exposures. The
read period is only 2.56 seconds, or 54 per-
cént of this time. Therefore, a second F-
Camera was added to provide continuous
transmission of video information on the F-
Channel. The second camera was read out
while the first was being erased.

The P-Camera utilized an even smaller per-
centage of the picture-taking cycle for read-
out. This camera requires a minimum of 0.66
second between consecutive exposures. The
read period is 0.2 second, or 30 percent of
this time. Four cameras of this type, operating
sequentially, are needed to provide continuous
transmission of video data over the P~-Channel.
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While one camera is being read out, each of
the other three is in a different phase of its
erase cycle. Continuous sequential operation
of the P-Cameras ensured that one of these
cameras would return a closeup picture of
the lunar surface, just prior to impact.

The operating cycles for the F- and P~-Cameras
are shown in Table 6.

9. Camera Pointing Array

The manner in which the cameraswere pointed
from the spacecraft was the resultof tradeoffs

TABLE 6
CAMERA OPERATING CYCLES
Operation Time (Seconds)
F-Camera P-Camera

Shutter operation 0.08 0.08
Read scan 2.56 0.20
Lamp flash 0.08 0.08
Erase scan 2.00 0. 30




among several objectives. It was desired to
obtain wide area coverage of the lunar scene,
but at the same time obtain picture-nesting
and minimize smear. Picture nesting was
essential to identify the area of the lunar
surface being photographed. In this technique,
the P-Cameras view a portion of the scene
photographed by the F-Cameras, thus facili-
tating identification of the scene in the higher-
resolution P-Camera pictures. Wider area
coverage was obtained by diverging the optical
axes of the cameras by an amount that was
within the constraint of permissible smear,
and that furnished sufficient overlap of the
viewed scene to provide nesting.

The camera pointing arrangement was also
constrained by the structural features of the
spacecraft. Thus, the position of the omni-
directional antenna precluded the use of an
arrangement where the cameras are pointed
along the longitudinal axis of the spacecraft.

The pointing array used in the initfal con-
figuration of the TV Subsystem is shown in
Figure 32. At that time, the 75-mm £/2.0 lens
was used on all cameras. The P-Cameras
were arranged in a cluster about an axis
designated the common optical axis (COA).
The COA was to be aligned with the spacecraft
velocity vector by a terminal maneuver of the
spacecraft. In this arrangement, the pictures
from all four P-Cameras give overlapping
coverage of the viewed scene, and the COA is
contained in the overlapped area. The areathat
was to be covered by each of the F- and P-
Cameras is shown in Figure 33. The F-
Camera pictures do not contain the COA, but
overlap the area viewed by the P-Cameras.

A decision was made during development of
the TV Subsystem to change the lenses on
Cameras F,, P3, and P4 to a 25-mm £/0.9
lens. This lens increased the sensitivity of
the cameras and allowed acceptable pictures
to be taken even if a substandard trajectory
brought the spacecraft closer to the lumar
terminator than was planned.
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The shorter focal length of the 25-mm lens
increased the field of view of the cameras,
and resulted in a modification to the camera-
pointing arrangement, as shown in Figure 34.
No change was made in the P-Camera array,
but the F-Cameras were both changed. The
F, Camera, with its wider field-of-view, was
changed to include the COA in its pictures.
The areas covered by the cameras after the
modification are shown in Figure 35.

10. Photographic Platform

Experimental observations have shown that
the maximum value of image smear (y) that

Fp

Fa

Figure 32. Camera Pointing Array, Earlier Configuration
of TV Subsystem
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Figure 33. Area Coverage of Earlier Pointing Array

is acceptable is 0.7 optical line pair, Image
smear is zero when the optical axis of the
camera is perfectly aligned with the velocity
vector of the spacecraft., In the Ranger mis-
sion, smear was a function of the divergent
pointing arrangement of the camera array,
and also a function of any misalignment that
might occur between the common optical axis
(COA) of the camera array and the velocity
vector.
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Figure 34. Camera Pointing Array, Final Configuration
of TV Subsystem

The spacecraft attitude control system can
maintain the common optical axis (COA) ofthe
camera array to within 0.5 degree of the
velocity vector, As shown in Figure 34, the
P-Camera axes are displaced 0.7 degree from
the COA. The edge-to-center field-of-view is
1.5 degrees for the P-Cameraswiththe 75-mm
lens, and 4.6 degrees for the P-Cameras with
the 25-mm lens. Therefore, the worst-case
conditions of displacement (¢) fromthe velocity
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vector are 1.2 degrees for the axes of the
four P-Cameras, 2.7 degrees for the edge of
the lens of the 75-mm P-Camera, and 5.8
degrees for the edge of the lens of the 25-mm
P-Camera. The Fy, Camera is displaced 4.7
degrees from the COA. The worst-case con-
ditions for this camera are 5.2 degrees for
the camera axis and 9 degrees for the edge
of the lens.

The image smear is given by

FN,, cos n Sin ¢ (At)
t

(91)

B =

where

y, is the image smear in optical line
pairs;

F is the focal length of the camera lens
in mm;

N_is the line density of the scanned
image in optical line pairs per mm;

n is the angle between the normal to the
lunar surface and the camera optical
axis;

¢ is the angle between the velocity vec-
tor and the camera axis;

At is the exposure time in seconds; and
t is the time-to-go (in seconds) before
impact.
Equation (91) is simplified by substituting the
following numerical values:
F =25 mm or 75 mm;
N_=35.7 optical line pairs per mm;
cos 7 =1; and

At =2 x 103 second.

The simplified forms of equation (91) are

5.35 sin l/l

75- | =
Y, (75-mm lens) ;

(92)

44

1.785 sin y

¥, (25-mm lens) = :

(93)
The values of smear obtained with these equa-
tions are plotted in Figure 36. For worst-
case angles of ¢, the maximum smear value
of 0.7 optical line pair occurs in the center of
the 75-mm P-Camera picture at 0.160 second
prior to impact. The value of smear in the
center of the 25-mm P-Camera picture is
negligible all the way to impact, One corner
of the 75-mm P-Camera picture reaches the
smear value of 0.7 optical line pair at 0,35
second before impact, and a corner of the
25-mm P-Camera picture reaches this value
of smear at 0.25 second before impact.

A shorter exposure time would move the point
at which smear becomes visible closer to the
impact time; however, a loss in signal-to-
noise ratio would result, Since only a small
portion of the picture shows smear, the
2-millisecond shutter is a satisfactory
compromise,

11. Power-Supply Design Considerations

The purpose of the TV Subsystem Power
Supply was to provide and regulate the elec-
trical power needed to operate the Subsystem
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during the various prelaunch, launch and flight
phases of the lunar mission. The principal
design constraint was that the power supplybe
completely independent of the spacecraft power
supply. Other limitations were weight, volume,
reliability, shelf life, and ease of handling.

The approach to the design of the power
supply was based on the anticipated electrical
load profile for the mission, The profile
indicated low power requirements during the
66-hour cruise mode, and sizeable demands
during the 15- to 30-minute terminal mode.
For this application, a combined solar array
and battery supply was compared with a supply
composed of batteries only. The study re-
vealed that the cruise-mode demand was insuf-
ficient to warrant the additional complexity of
a solar array. Moreover, an arrayofpractical
size would be of little value in offsetting the
peak power demand of the terminal mode
because the period of operation was too short
to allow time for battery recharge.

As a result of the study, it was decided to
concentrate on the use of batteries alone for
the power source. Since the batteries were not
going 1o be recharged during ihe mission, ihe
ability to withstand numerous charge-
discharge cycles was not a factor in selecting
the batteries. Prime consideration was given
instead to energy storage per umit weight and
per unit volume. In both categories, the silver-
zinc cell proved superior to nickel-cadmium,
lead acid, nickel-iron, and silver-cadmium.

Battery design parameters were also depen-
dent on the peak-current requirement of the
mission. The capacity of the batteries was
selected to provide a safe margin over and
above the worst-case mission requirements,

Sealed rather than vented construction was
necessary to avoid electrolyte leakage and
outgassing. Sealed construction eliminates the
possibility of dry-charging the batteries and
activating them in the field by the addition of
electrolyte; however, the shelf life of the
sealed battery is long enough to prevent
storage problems.
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Two batteries were used to supply power for
the TV Subsystem. Each battery functioned
independently of the other; one supplied power
to the F-Channel, the other to the P-Channel.

Both the series type and the buck-boost type
of regulator were considered for use in the
power supply. The series~type regulator had
been used successfully in several previous
projects, It is lightweight and reliable, but has
the disadvantage of being inefficient, dissipat-
ing a relatively large amount of heat. This lost
power places an additional demand on the
batteries. Buck-boost regulators are more
efficient but involve a more critical feedback
loop and more complex circuitry; therefore,
they are generally less reliable and heavier.

The total weight of the power supply depends
principally on the energy density of the bat-
teries, the power profile, and the efficiency
and weight of the regulator. These factors
were taken into account to calculate the total
power-supply weight that would result from
the use of each type of regulator. A compari-
son of the calculated weights indicated that a
power supply with a buck-boost regulator is
i2.5 pounds lighter than a supply with a series
regulator, if the buck-boost regulator weighs
5 pounds and is 88 percent efficient and the
series regulator weighs 20 ounces and is 70
percent efficient. The heavier buck-~boost regu-
lator results in a lighter power-supply, be-
cause the higher efficiency of this regulator
permits the use of a lighter battery.

The selection of the type of regulator was
basically a choice between the somewhat
lighter power-supply obtained with the buck-
boost regulator and the more reliable series-
regulator. The choice for the Ranger TV
Subsystem was the more reliable series-
regulator.

12. Thermal Design Considerations

a. REQUIREMENTS

The thermal design of the TV Subsystem was
required to utilize passive means of tempera-
ture control to maintain the temperature of
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Subsystem components within the required
limits during all phases of the mission, The
two principal phases of the mission are the
66-~hour, Sun-oriented cruise mode and the
1-1/4-hour terminal mode initiated by the
terminal maneuver. The terminal mode con-
sists of three phases. These are as follows:

e Terminal mode prior to TV Subsystem
turn-on;

e Terminal mode during TV Subsystem
warm-up; and

e Terminal mode during full-power opera-
tion of the TV Subsystem.

The Sun-oriented cruise mode required a
steady-state thermal design, since tempera-
tures would reach equilibrium during the cruise
period of approximately 66 hours.

For purposes of thermal analysis, the shape
of the Subsystem was assumed to be afrustum
of a right circular cone with base diameters
of 14.5 and 26 inches and with a height of
57.7 inches. Figure 37 illustrates the assumed
thermal model. The antenna/Subsystem inter-
face was thermally insulated and assumed to
be adiabatic, thus eliminating the effect of the
antenna in the thermal design problem. The

ADIABATIC
INTERFACE
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Figure 37. Assumed Thermal Model
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thermal design was based on the following
considerations:

e A high value of solar absorptivity and a
low value of emissivity would be re-
quired to compensate for the low ratioof
projected surface area to lateral surface
area.

® During the terminal maneuver, low emis-
sivity would tend to trap the thermal
dissipation resulting from operation of
the electronic equipment.

® The Subsystem/Bus interface was
thermally insulated and assumed to be
adiabatic.

b. THERMAL ANALYSIS FOR THE CRUISE MODE

A thermal analysis was performed for the
Sun-oriented cruise mode. The following as-
sumptions were made:

® The Sun vector was parallel to the axis
of the spacecraft in the n direction.

e All electronic packages were thermally
connected to the center structure so that
the packages and structure could be
characterized by one temperature.

o The lateral surface was isothermal (a
valid assumption when the Sun vector was
as assumed).

e The energy exchange between the iso-
thermal components and the lateral
surfaces was solely radiant.

Based on these assumptions, thermal energy
equations for the electronic components and
lateral surfaces are as follows:

Surface equation:




Component equation:

where the subscript < refers to the compo-
nents and the subscript s to the lateral sur-
face, and

m is the weight;

C is the specific heat;

T is the temperature;

t is time;

A is the surface area;

S is a solar constant;

a 1is the solar absorptivity;

o is the Stefan-Boltzmann constant;
¢ is the emissivity;

A is the surface area projected toward
the Sun;

p is the internal heat generation; and

K., is an unknown radiation coupling factor
between the components and the lateral
surface.

Since steady-state conditions are assumed for
the cruise mode, the change of temperature
with respect to time for the components and
the lateral surface is zero. Thus the equations
were solved with the following results:

4 2
T TR i
p Sa A + P
T“ _ e s°.s c (97)
7 © KCS ’ es As

Since the ratio of projected to total area was
quite small for the lateral surface, a value of
0.9 was assigned to «_. A conservative value
of 10 watts was used for internal dissipation
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in the components (£.) during cruise mode.
A_ was calculated to be 2.5 square feet, and
A_ to be 25.6 square feet. A desirable average
component temperature (7_.) of 10° C was
assumed. The preceding values were used to
obtain a graphical solution of K__ for the
cruise mode in terms of the emissivity (c )
of the external surface, as shown in Figure 38.

The radiation coupling factor K__ isafunction
of the internal geometry, the emissivity of the
components, and the emissivity of the inside
of the lateral surface. From muitiple reflec-
tion theory,

T A
K et e (98)

cs c

B (1-¢))

which reduces to

K = A (99)

cs 1
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RADIATION-COUPLING FACTOR (K¢q)

EMISSIVITY OF EXTERNAL SURFACE (eg)

Figure 38. Combinations of K, and ¢4 to Maintain an
Average Component Temperature of 10°C during
Cruise Mode
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where the prime denotes the internal surface.
Equation (99) and the curve in Figure 38 can
be used to obtain a combination of internal and
external emissivities of the lateral surface to
keep the average component temperature at
10° C. For a coupling factor (K ) of 2.5
square feet, the required external surface
emissivity (e, ) from Figure 38 is 0.4. If it
is assumed that the components are essentially
black, a value of 0.9 can be used for ¢ . Using
the preceding values, equation (99) was solved
for the internal surface emissivity (€, ),
yielding a value of 0.115. This value of emis-
sivity is easily obtained with the use of readily
available coatings.

c. THERMAL ANALYSIS FOR THE TERMINAL MODE

The thermal analysis for the terminal mode
was based upon the assumption that the
spacecraft/Sun vector angle would result in
the projection of maximum spacecraft area
(8.3 square feet) to the Sun. Due to the three
different phases of Subsystem operation oc-
curring during this mode, equations (94) and
(95) were used to derive a time-dependent
equation, which defined the final temperature
T, in terms of the initial temperature T; and
other spacecraft parameters. A plot of the
temperature solution for the time-dependent
equation of the terminal mode is given in
Figure 39. The final temperatures for the
three phases of terminal operation, in order
of occurrence, were found to be 19.5, 36, and
47° C, respectively.

d. RESULTS OF ANALYSIS

The analysis proved that the Ranger TV Sub-
system could be designed on a purely passive
basis and that the average component temp-
erature could be limited to a range of 5 to
50° C. Since many of the assumptions made in
the analysis were conservative, it was antici-
pated that an even-more-favorable tempera-
ture range could be achieved in the actual
design,
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13. Structural Design Considerations

The structural design was required to meet
the mechanical and electrical interface re-
quirements at the mating surfaces to the JPL
bus and the omnidirectional antenna, It was
also required to provide adequate strength,
rigidity and thermal performance under the
various environments encountered during the
mission,

The principal contraints on the design of the
TV Subsystem structure were the physical
limitations imposed by the launch-vehicle
nose-fairing geometry and the JPL bus inter-
face. The allowable weight for the TV Subsys-
tem was specified initially to be a maximum
of 315 pounds. This was later changed to 383
pounds of which approximately 76 pounds was
allotted to the structure. The nominal location
and tolerance of the center-of-gravity were
specified as well as the mass moments-of-
inertia about axes passing through the center-
of-gravity and parallel to the pitch, roll and
yaw axes of the spacecraft. In orderto provide
the TV cameras with an unobstructed view
during lunar approach and to achieve the
specified center of gravity, it was necessary




to mount the cameras near the top of the TV
Subsystem.

The first phase of the TV Subsystem struc-
tural design was to determine a payload shape
within the aforementioned dimensional con-
straints. The resulting shape was a frustum
of a right circular cone with a height of 46.5
inches and base diameters of 15.5 and 26
inches surmounted by a cylinder 15.5 inches
in diameter and 13 inches high,

In order to provide the required structural
strength and rigidity and to mount the main
electronic components, a central longitudinal
box beam was incorporated to act as a column
for thrust axis loads and a cantilever beam for
lateral loads. In addition to the baseplate,
transverse bulkheads were included at various
stations to connect the central box beam with
the skin or thermal shroud and to serve as
mounting surfaces for additional components.
The TV cameras and the associated mounting
bracket were secured to the top of the central
box beam and enclosed in the cylindrical hat
section.

High-strength aluminum alloys were selected

for the structure because of their compatibility

VOLUME 2 SECTION 1l

with the space environment, their high
strength-to-weight ratio, fatigue properties,
availability and ease of fabrication. The sim-
ple, proven, airframe-type, riveted and bolted
construction method was consistent with the
number of units to be produced in the specified
time period. This type of construction required
minimal tooling and permitted rework to
accommodate component design changes and
modifications.

The location of component assemblies other
than the camera was influenced by the specified
center-of-gravity location and mass moments-
of-inertia as well as accessibility, signal path
and thermal requirements. In positioning the
batteries, which were the heaviest components,
the prime considerations were the center of
gravity and accessibility for replacement. By
mounting the batteries at the base within the
box beam, these considerationswere satisfied.

The transmitter power amplifiers were lo-
cated near the base on the box beam to utilize
the battery thermal mass as a heat sink. The
positions of other components were dictated

-t
primarily by physical constraints and signal

paths.
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Section 1l

Subsystem Description

A. SUBSYSTEM CONFIGURATION

The arrangement of the first prototype of the
TV Subsystem is shown in Figure 40. As the
final flight systems evolved, the basic sub-
assemblies, as used on the first prototype,
remained essentially the same; however, the
overall arrangement of the TV Subsystem was
modified extensively due to changes in the
philosophy of operation and control.

As the result of a series of system concept
and design reviews, JPL directed RCA to study
alternate configurations of the TV Subsystem
with the aim of evolving a configuration that
would have animproved capability for obtaining
lunar pictures during anonstandard missionor
under conditions of partial failure of the TV
Subsystem. The results of the study indicated
that this objective could be achieved best by a
configuration in which the maximum degree
of independence existed between the two camera
and communication chains contained in the TV
Subsystem. This philosophy was implemented
by eliminating the common signal and power
interfaces that existed between the F- and P-
Camera chains, with the exception of the
common communications elements required
for simultaneous transmission of video from
both channels. This ‘‘split-system?’’ arrange-
ment greatly increased the probability of
obtaining lunar photographs in the event of
failure of some portion of the equipment.

The Ranger VI failure in January of 1964 was
the basis for additional changes, which resulted
in the final TV Subsystem arrangement shown
in Plate 1 at the rear of this book. This
final configuration consists of two channels.
Basically, each channel comprises television
cameras, a video combiner, a transmitter, a
power supply, and a camera sequencer, The

operation of each channel is monitored by a
telemetry system.

Each channel operates in a similar manner,
The cameras, under the control of the camera
sequencer, take pictures sequentially and are
read out in the same way. The video and sync
signals from all the cameras in the channel
are combined in the video combiner and the
composite signal is fed to the transmitter
modulator. A subcarrier that contains telem-
etry data is also fed to the modulator. The
transmitters in each channel continuously
transmit data to Earth via ahigh-gainantenna.
The transmitters are matched to the antenna
by means of a four-port hybrid. The final sizes
and weights of this configuration are listed
in Table 7.

B. INTERSYSTEM CONTROL

rmi £ g A 14~ E S,
Terminal-mode operation of the TV Subsystem

is controlled by the camera sequencer in each
channel. These units program the turn-on of
plate power to the transmitter power amplifiers
and control the sequence of camera operation
so that a video signal is applied to the modula-
tor at all times. While video data isbeing read
out of one camera, the remaining cameras
are prepared for the next exposure. This
method of sequencing fully utilizes the time
available for picture-taking and also ensures
that video data will be transmitted from the
spacecraft right up to the time of impact.

A block diagram of the camera sequencer is
shown in Figure 41; its operationisas follows.

Upon receipt of the warm-up command, power
to the camera sequencer is turned on and the
18-kc clock starts generating clock pulses.
The clock pulses are fed to the division chain
(counter), which has three oufputs. One output
is to the logic decoder that times and sequences
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VOLUME 2 SECTION 1l

FINAL CONFIGURATION LAFBI'I.'EI; RANGER TV SUBSYSTEM
Reference A Weight Size .
Designation ssembly (Ibs) Length '(i:",:':'h::e'gh'
AlA1l P1 Camera 6.188 | 10 x 4-1/2 dia. with
shutter 4 x 1-1/4 dia.
AlA2 P2 Camera 6.221 | 10 x 4-1/2 dia. with
shutter 4 x 1-1/4 dia.
AlA3 P3 Camera 5.895 | 10 x 4-1/2 dia. with
shutter 4 x 1-1/4 dia.
AlA4 P4 Camera 5.882 | 10 x 4-1/2 dia. with
shutter 4 x 1-1/4 dia.
AlA5 F, Camera 6.755 | 10 x 5-1/2 dia. with
shutter 4 x 1-3/4 dia.
AlA6 F}, Camera 7.346 | 10 x 5-1/2 dia. with
shutter 4 x 1-3/4 dia.
A2 P1 Camera Electronics 8.726 | 13 x 3-1/2 x 5-1/2
A3 P2 Camera Electronics 8.291 |13 x3-1/2 x5-1/2
A4 P3 Camera Electronics 8.410 [ 13 x 3-1/2 x 5-1/2
A5 P4 Camera Electronics 8.146 |13 x 3-1/2 x5-1/2
A6 F, Camera Electronics 8.025 | 13 x 3-1/2 x 5-1/2
A7 F}, Camera Electronics 8.347 |13 x3-1/2 x 5-1/2
A8 Video Combiner 3.095 |6x12x2
A9 Control Programmer and Camera Sequencer 14.131 [ 12-1/2 x 6 x 4-1/2
Al0 Battery (F-Channel) 43.156 | 15 x 7-1/4 x 5-3/4
All Battery (P-Channel) 43.656 | 15 x7-1/4 x 5-3/4
Al2 HCVR (F-Channel) 2.687 |3-1/4x4-1/2x4
Al4 Transmitter (F-Channel) 4.786 |10 x5-3/4x 2
Al5 Power Amplifier (F-Channel) 3.574 | 8-3/4x3-1/2 x 3-3/4
Ale6 Transmitter Power Supply (F-Channel) 10,461 | 7-3/4x 5-1/2 x 4-1/2
Al7 LCVR 0.467 |3-1/4x1-1/2 x2-1/2
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TABLE 7

FINAL CONFIGURATION OF THE RANGER TV SUBSYSTEM (Continued)

Reference Weight Size )
Designation Assembly (|b3) Length x Width x Height
(in Inches)
A19 Transmitter (P-Channel) 4.894 | 10 x 5-3/4x 2
A20 Power Amplifier (P-Channel) 3.519 | 8-3/4 x 3-1/2 x 3-3/4
A21 Transmitter Power Supply (P-Channel) 10.498 | 7-3/4 x 5-1/2 x 4-1/2
A24 Four-Port Hybrid Ring 1.248 | 6 dia. x1-5/8
A25 Dummy Load 2.877 | 14-1/4 x1-3/4 x 1-1/2
A26 Telemetry Assembly 8.071 | 10-1/2 x5-1/2 x5
A27 Temperature Sensors 0.377 | 2-3/8 x1-1/2 x 3
A28 Sequencer Power Supply 3.631 {6x12x1-1/4
A29 Telemetry Processor (F-Channel) 0.456 | 4 x2-7/8 x2
A30 Telemetry Processor (P-Channel) 0.456 | 4 x 2-7/8 x 2
A34 DCU 2.132 | 3-1/2 x4 x4-3/4
A35 Electronic Clock 2.001 | 8x4x2
A37 HCVR (P-Channel) 2.659 | 3-3/4x4-1/2x4
A38 Filter 0.655 | 2-3/4 x2-1/4x1-1/2
A39 CCu 2.024 | 4x3-3/4x3-1/2
A40 CsU 0.584 |2 x3-1/4x2-5/8
A4l CTU 0.230 | 2-1/2 x 1-3/4 x1-1/2
A42 CTU 0.230 | 2-1/2 x 1-3/4 x1-1/2
Structure 73.710
Shrouds 10.656
Top Hat 2.813
Thermal Shield 0.400
Harnesses and Cables 23.806
Hardware 7.165
Total Weight 379.537
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(COUNTER) DECODER CIRCUITS
LoGic VIDEO
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Figure 41. Block Diagram of Camera Sequencer

the cameras; another is to the logic decoder
that controls the gates in the video combiner;
and the third is a timed output which starts
the 80-second timer in the full-power command
circuit. All timing and sequencing signals are
referenced to the time of TV Subsystem turn-
on. Eighty seconds after turn-on, the 80-second
timer initiates the closing of the relay that
applies plate power to the transmitter power
amplifier, and transmission of the composite
video signal commences. The logic decoders
generate the sync and gating signals for the
camera chain. The picture-taking sequence is
repeated continuously until the spacecraft im-
pacts the lunar surface.

C. COMMAND AND CONTROL

The purpose of the command and control
system was to provide a means of real-time
control by commands from the ground station,
and to provide a means of operating the TV
Subsystem in accordance with a prearranged
program in the TV Subsystem.

The command and control system for the first
prototype of the TV Subsystem was based on

the following mission profile:

o No units of the TV Subsystem to operate
during launch;

o Telemetry data (cruise-mode telemetry)
to be furnished to monitor TV Subsystem
temperatures and voltages during the
voyage to the Moon; and

e Fifteen minutes of terminal-mode opera-
tions (5 minutes of warm-up time and 10
minutes of camera operation and trans-
mission of video data).

An emergency mode of operation was also
required to provide diagnostic telemetry data
in the event that the spacecraft’s high-gain
antenna was not properly oriented and a signal
strength loss resulted that was too great to
obtain useful video data at the ground station,
The telemetry data would indicate whether or
not the TV Subsystem was functioning properly,
and would be the basis for any necessary
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modifications to future flight models of the TV
Subsystem.

On the basis of the mission profile, the com-
mand and control system was designed to
perform the following functions:

e Turn on the cruise-mode telemetry after
launch;

e Turn on the TV Subsystem for 5 minutes
of warm-up at 15 minutes before impact;

e Furnish a full-power command to turn
on plate power to the transmitter power
amplifiers after the 5-minute warm-up
period;

e Place the TV Subsystem into an emer-
gency mode for the transmission of
diagnostic telemetry if the situation
warrants; and

o Return the TV Subsystem to normal
operation after the emergency situation
is ended.

A limited number of interface commandswere
available from the spacecraft to the TV Sub-
system for implementing these functions.
There was one real-time command (RTC-T),
two timed contact closures duringthe terminal
mode, and one contact closure at the separation
of the spacecraft and the Agena vehicle. Real-
time switching in the TV Subsystem was ac-
complished by means of a four-position rotary
switch (command switch). The positions were
‘‘zero’, ‘‘warm-up'’, ‘‘emergency-on’’, and
‘‘emergency-off’’. The switch would advance
one position each time an RTC-7 command
was received.

The command system in the first prototype
had several deficiencies, These were:

e There was no way to turn off the TV
Subsystem in the event of an inadvertent
turn-on.

e The two methods of turning on the TV
Subsystem each required a real-time
command from the ground station. In the
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first method, an RTC-6 command acti-
vated the spacecraft’s Central Computer
and Sequencer (CC&S), which then pro-
vided a turn-on command to the TV
Subsystem. In the second method, an
RTC-7 command turned on the TV Sub-
system directly.

e Both turn-on signals (RTC-7 and CC&S)
used the same circuits in the command
switch.

e The full-power command circuitry was
common to both transmitters.

The redesign to the split system incorporated
changes to correct these shortcomings. A
Power Control Unit (PCU) was added to allow
the TV Subsystem to be turned off during flight.
The transmission of four consecutive RTC-7
commands from the ground station would step
the command switch through its complete cycle.
When the command switch stepped from the
‘‘emergency-off’’ position to the ‘‘zero’’ posi-
tion, the PCU would turn off the TV Subsystem.

An Electronic Clock was added to the F-
Channel to give an alternate method of turn-
on in the event that the communications link
for real-time commands was lost, The Clock
was to be turned on by a switch closure
at spacecraft~Agena separation, The Clock
could be set before launch to turn on the sys-
tem at a particular time after spacecraft-
Agena separation. A Clock turn-off command
could be provided by an RTC-5 command if
Clock turn-on was too early. The Clock was
limited to the F-Channel because loss of the
communication link for real-time commands
would result in a lunar flyby mission instead
of lunar impact. For a fly-by mission, the
F-Camera pictures would furnish more useful
information than the P-Camera pictures.

A separate circuit was incorporated for each
turn~-on command (CC&S and RTC-7). The full-
power command circuits were separated for
each transmitter by the use of isolation diodes.



Another major redesign to the command sys-
tem occurred after the failure of the Ranger
VI mission. The investigation of the failure
indicated the probable cause of failure to be
the result of an inadvertent turn-on of the TV
Subsystem during the launch phase, when the
vehicle was in the partial-pressure region.
Thus, all the high-voltage circuits were prob-
ably destroyed by arcing. As a result of the
failure analysis, the command circuits were
redesigned to minimize the possibility of an
inadvertent turn-on.

The major changes were as follows:

o Cruise-mode telemetry was to be turned
on before launch and would remain on
throughout the mission.

o The four-position rotary switch and the
emergency telemetry mode were elim-
inated.

e The RTC-5 command was assigned to
turn off the TV Subsystem.

e R-C differentiator circuits were installed
in the command lines to preventa failure
in one line from inhibiting the other
command inputs,

e Additional command lines and contact
closures were made available from the
spacecraft to provide more complete
isolation of the command systems in the
F- and P-Channels.

A simplified logic diagram of the command
system used in Rangers VII, VIII and IX is
shown in Figure 42. The first mission command
(Crg) is sent prior to launch, when the
‘“cruise on’’ test button on the blockhouse
control panel is pushed. This command passes
through OR gate 8 and AND gate 8, which is
conditioned by the presence of the P-Channel
battery voltage. The output of AND gate 8
turns on the cruise-mode telemetry. The
Crecommand also passes through OR gate 1
to ensure that the Clock is off.

VOLUME 2 SECTION 11l

The logic equation for turn-on of cruise-
mode telemetry is as follows:

Cruise mode °"=(Sspd+ S 30+ Cre B (100)

where

Sspa i the solar-panel microswitch closure
that occurs when the solar panels are
deployed;

S;p is the switch closure that occurs at
separation plus 30 minutes;

Cre is the closure of the ‘‘cruise on’’ test
button on the blockhouse control panel;
and

Pg  is the P-Channel battery voltage.

The next command to occur is the result of
the switch closure (S,,) at spacecraft-Agena
separation. This command passes through
AND gate 1, which is conditioned by the
presence of the F-battery voltage (F;). The
output of AND gate 1 turns on-the F-Channel
Clock. The logic equation for Clock turn-on is

Clockon = S F (107

\
T TOM'B 4

The F and P gate enable commands, whichare,
respectively, the outputs of OR gates 3 and 6,
occur at separation plus 30 minutes or at
separation plus 46 minutes when the solar
panels are deployed. The logic equation is the
same for both channels.

Gate enable command = Sspd+ S3o+ CRE (102)

The Cpr function in this equation indicates

~that the gates can also be enabled by the

"cruise on'' test button on the blockhouse con-
trol panel. The Cre function is used to permit
testing of the TV Subsystem prior to launch;
however, this command is removed when the
umbilical connector is separated at launch.
The reduced power jumpers from the block-
house control panel are alsodisconnected when
the umbilical connector separates.
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At separation plus 32 hours the clock provides
an output (T;,), which passes through AND
gate 3 to condition AND gate 2 for an RTC-5
command. When the RTC-5 command is re-
ceived, the output of AND gate 2 passes through
OR gate 1 to turn off the clock. The T;, level
at the output of AND gate 3 also conditions
AND gate 9 to permit the clock command (7.)
to turn on the F-Channel at the proper time.

At approximately 60 minutes before impact, an
RTC-6 command is sent to start the CC&S
unit on the spacecraft. This unit provides the
warm-up command (5;,,) to the TV Subsystem
45 minutes later, and the full-power command
(syyv3) 50 minutes later. If both channels of the
TV Subsystem are not turned on by 12 minutes
before impact, the RTC-7 command is sent to
the spacecraft. The logic equation for F-
Channel warm-up (the output at AND gate 5) is
as follows:

F-Channel warm-up = Fp (T;, T + 54y,

+Ryc7e) (Sspp+ S3g

+Cop)Uc e (103)

where Ug, - is the unclamp function thatturns
on the silicon-controlled rectifier that applies
power to the F~Channel. The logic equation for
P-Channel warm-up (the output at AND gate 7)
is as follows:

P-Channel warm-up = PB (STVZ +RTC-7P)
(Sspp + 530+ Cre)  (104)

The final command is the full-power command,
which causes the plate power to be applied to the
transmitter power amplifier. This command,
which is the output of OR gate 4 in the F-
Channel and OR gate 7 in the P-Channel, is
generated by a timer in the camera sequencer
80 seconds after the warm-up command. In
order to ensure full-power turn-on in the
event of failure of the 80-second timer, the

VOLUME 2 SECTION Il

full-power command is repeated by the space-
craft CC&S at 5 minutes after the warm-up
command. This second full-power command
is designated S;,; . The logic equations for
the full-power commands are as follows:

F-Channel full power = Fg o+ S (105)

TV3

f

P-Channel full power = (106)

Psost Stvs

D. TELEMETRY

A logic diagram of the telemetry circuits used
in the final configuration of the TV Subsystem
is shown in Figure 43. In operation, the
cruise-mode telemetry is turned on at 30
minutes before launch by means of the ‘‘cruise
on”’ test switch (C;z) on the blockhouse test
panel. Backup turn-on commands occur at sep-
aration plus 30 minutes (S;) and when the
solar panels are deployed (5;,,) . Oneof these
three commands passes through AND gate 1,
which is conditioned by the presence of the
P-battery voltage Pg . The output of AND gate
1 operates the launching relay to turn on the
Low-Current Voltage Regulator(LCVR) that
supplies power to the cruise-mode telemetry
circuits. The cruise-mode telemetry is applied
to a 15-point commutator and transmitted to
Earth via the Channel-8 transmitter in the
spacecraft.

When either the F- or P-Channel is turnedon,
unregulated battery voltage is applied to the
telemetry voltage regulator through OR gate 2.
The output of this regulator is applied to:

® OR gate 3 to back up the LCVR;
e The 90-point commutator; and
¢ AND gates 3 and 4.

The output of the regulator turns off AND gate
3, removing the cruise-mode telemetry from
the voltage-controlled oscillator (VCO) that
modulates the Channel-8 transmitter. The
same regulator output turns on AND gate 4 to
place the output of the 90-point commutator
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on the Channel-8 VCO, and conditions AND
gate 5 to pass power from thetelemetry power
supply to the F- and P-Channel VCO's. Thus,
during the terminal mode, the 15-point telem-
etry is transmitted over the F-Channel
transmitter, and the 90-point telemetry is
transmitted over the P-Channel transmitter
and over the Channel-8 transmitter.

Telemetry was used throughout the mission to
verify the performance of the TV Subsystem
and to determine the optimum procedures for
terminal-mode operations. The sequence of the
major telemetry events that occur throughout
the mission is shown in Figure 44. Each event
is described in the following paragraphs. The
number of each item corresponds to the
number in Figure 44.

1. Launch Minus Approximately 3 Hours

The TV Subsystem is turned on in reduced
power approximately 3 hours before launch.

VOLUME 2 SECTION 1l

At this time all telemetry data and video sig-
nals are checked to ensure proper operation.
Special attention is given to the battery volt-
age telemetry to make certain that the bat-
teries perform properly under load. The
computer processed data is compared with
the analog data presented on the strip chart,
and the data received at the Space Flight Op-
erations Facility at JPL is compared with
the same data obtained at the Eastern Test
Range (ETR) by the TV Subsystem launch
team. These comparisons are made to en-
sure that all processing and display equip-
ment is properly calibrated and functioning
normally,

2. Launch Minus 30 Minutes

At approximately launch minus 30 minutes, the
cruise-mode telemetry is turned on and re-
mains on throughout the flight. The batteries
are checked to see that they have recovered

ce of Maj

T i

try Events during Mission
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properly after the reduced-power test. All
other cruise telemetry data is checked for
normal indications. Again, data received at
both locations are compared to see that they

agree.
3. Launch

During the critical boost phase, the telemetry
data are checked to ensure normal Subsystem
performance. The major items checked are:

(a) Inadvertent TV Subsystem Turn-on

(1) An increase in the data repetition
rate from 1 point per second to 3
points per second indicating turn-on
of terminal-mode 90-point telem-
etry.

(2) An increase in battery current and
corresponding decrease in battery
voltage.

(b) Changes in Temperature

Depending on time of launch, the space-
craft may or may not enter into the
Earth's shadow. Also, because the
spacecraft is not Earth-Sun oriented at
this time, the external shroudtempera-
tures change very quickly, indicating
whether the TV Subsystem is experi-
encing a heat input or output.

4. Separation (approximately launch plus
30 minutes)

At this time the F-Channel clock is started.
The clock-time telemetry point steps from zero
to 0.8 volt and the F-Channel battery current
increases indicating that the clock is on. At
this time, the spacecraft is normally not in
view of any DSIF station. Only the ETR down-
range stations are tracking the spacecraft.
Thus, when Johannesburg (DSIF-51) acquires
the spacecraft, the telemetry data are reviewed
to determine that Clock turn-on has occurred.
Separation time is reported by the downrange
tracking station.
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5. Sun Acquisition (approximately L + 60
minutes)

The spacecraft acquires the Sun and the shroud
temperature points on the cruise-mode telem-
etry reflect the new spacecraft orientation,

6. Earth Acquisition (approximately
L + 3-1/2 hours)

At this time the spacecraft is going through a
maneuver to acquire the Earth and again the
external shroud temperatures reflect the
changes in the spacecraft orientation.

7. Separation Plus 8 Hours

The Clock telemetry-point steps to 1.6 volts
indicating the Clock-counting rate. These
Clock-timing steps are used to update the pre-
dicted clock turn-on time.

8. Separation Plus 16 Hours

The Clock telemetry-point steps to 2.4 volts.

9. Midcourse Maneuver

The midcourse maneuver is performed between
16 and 17 hours after separation. The external
shroud and lens temperatures are monitored
to see that the changes in temperature are as
expected for the changed spacecraft orienta-
tion. During the time of the midcourse motor-
burn (6 to 20 minutes), the cruise-mode
telemetry data is disconnected from the space-
craft Channel-8 transmitter input in order to
obtain midcourse accelerometer data on
Channel 8. After the midcourse maneuver is
completed and the spacecraft reoriented to its
normal cruise position, the external tempera-
tures are monitored to check that they have
returned to their premidcourse values. During
the midcourse maneuver, the DSIF personnel
are alerted to keep cloge watch on a spectrum
analyzer, which will indicate the presence of
an RF carrier, for a possible accidental TV
Subsystem turn-on. The midcourse motor burn




changes the time of flight and corrects the
spacecraft trajectory. Based on the telemetry
indications at 8 and 16 hours after separation,
the time of flight is adjusted sothat F-Channel
clock turn-on will be between impact minus 12
minutes and impact minus 45 minutes. (Note:
the adjustment of the time of flight for the
clock is a secondary consideration. The prime
considerations for the maneuver are to es-
tablish the spacecraft impact point and to
orient the omni-antenna field strength pattern.)

10. Separation Plus 24 Hours
The Clock telemetry point steps to 3.2 volts.

11. Separation Plus 32 Hours

The Clock telemetry point steps from 3.2 to
4.0 volts. Also, at this time two clock inhibits
are released. The first inhibit prevents the
clock from commanding the TV Subsystem to
turn on; the second prevents the RTC-5 com~-
mand from disabling the clock. These inhibit
functions are not monitored on the telemetry.

12, Launch Plus 40 Hours

By this time, all the TV Subsystem tempera-
tures are stabilized. The temperatures are
compared with the predicted values and their
effect on the terminal mode operation is
considered.

13. Separation Plus 48 Hours

The Clock telemetry point steps from 4.0 to
4.8 volts.

14. Launch Plus 52 Hours

Starting at L+52 hours and at 4-hour inter-
vals, the telemetry data is reviewed and the
time-limiting parameters for terminal-mode
operation of each channel are entered

VOLUME 2 SECTION I1ii

into a table from whichthe maximum operating
time for each channel is determined. At these
times, a terminal procedure matrix is also
completed to determine the best terminal-
mode procedure to use. The procedure matrix
considers the following items:

e Will the Clock turn on the F-Channel?

e Is the P-Channel operating time greater
than 15 minutes?

o Will the real-time commands be avail-
able?

e Will the CC&S commands be available?

15. Impact Minus 60 Minutes

The terminal maneuver is initiated at this
time if it is required. The cruise-mode
telemetry is monitored for the corresponding
changes in temperatures due to the space-
craft maneuvers.

16. Separation Plus 60 Hours

The Clock telemetry point drops from 4.8 to
0.8 voits. (Note: The time of flight for a particu-
lar mission may be such that this event will
not occur.)

17. Terminal Mode

A sequence of the terminal-mode parameters
monitored is given in Table 8. This sequence
assumes that both channels turn onatthe same
time; however, it is possible for F-Channel
only to turn on via the backup Clock. The
sequence would be much the same except on a
per-channel basis.

18. Impact

All transmission ceases.

63




*A[rewnzou Suneredo I9NIWSUBIL) [PUUBYD-d
*Arewaou uryerodo seIoUWBd [SUUBYD -]

*ATrewaou Suryexedo I9)TWSUBI} [OUUBYD-A

‘xomod Iy ur Surjeaedo oJe S[AUUBYD Yjoq SWITIUOD

*I90uUoNbas BIoWIED 9Y}
£Aq Jomod [INJ OJUT PAPUBWIUIOD U] dABY STaUURYD jod

*sndur
JojrusueI) yjoq o} parjdde 3ureq euldls 09plA [BULION

‘dn-waem Ul puB U0 STPUURYD [joq SWAUOD

‘opowr dn-wiaem SY) UI U0 I8 STaUUBRYD yjod

‘uo
pouam sey WolsASqnS AL 9Y} Jo S[oUUBYD Yjoq IO SUQ

‘[eULIOU AI}0UWIA[9) IOPTWSURI} [oUUeYD-d
‘[BUWLIOU AJ}OUIS]9) BIOWRD [ouuBYD-d
‘[RULIOU £I}0UID[9) I9PTWsuRI} [oUURyD-d

‘[ouueyo yoeo uo sosodure
¢ Apojeurixoadde Aq $oSEIIOUT JUSIIND Axopeq ayL

‘1104 9 *0- 03 doap [ouuBYyd YoBd
a03 (09 pue ¢g) sjurtod £I}PUIS) PUBWIWOD Jomod-TINd

‘sTouuEeYo
yoq a0y rewaou s Jeudis Indino JILSUIGUIOD-O03PIA

*s110A gg- Arorewxoadde o3 sdoap
[euuryo yoes JIo0j a8wvij0A Lx9313e(q 9Y} PUB ‘A[oAmdads
-21 so119)3eq d pue J 9y} uo peo] saeduwre-01 pue -8
orewrrxoadde ue 8jeolpur sjurod BIEp JULLIND Ax9}ed

*S1[0A ¥ *g- SPEBaa GG Jurod pUBWIWOD Jomod
-TI0J [euueyD-Jd pue gf ysSnoayj ¢g sjurod eroured
[Puuryd -4 Uo ®jep [NISuUiUBdW OSTe SI 9JI9YL @

*S1[0A ¥ ‘G- SpPeax (09 jurod purwIUIoDd

Jomod-T[ny [euueyd-d pue 8z ysdnoayj 1 sjutod
BIOWED [oUUBYD-d UO Bjep TnSurueawr ST oIoylL (®)

‘puooas xad sjutod ¢ 03 puoodos aod
jurod [ WOJJ SOSBAIOUI 9)BI BYBP AI)OWS[9}) g§-TaUUBYD

§|nsay 10 JuaAg

suoypdIpu| Alpwaja}l

SYILIWVAVI AdLIWITI1 JAOW-TVNIWYEEL
8 319Vl

64




<
o
=
Q
)
7]
N
W
e
=
ol
o
>

‘uonelg Fuiyori], SUCISP[OL) Y1 1B BIEP 03pIA Jo 1d1a0ai ayi uo spuadep uonwiado sadoid jo uonBWILjUOD [BUL Y,

‘suopjeIado [BULIOU PONUIIU0D SWIFUOD

‘Jouueyd yoeo xoj saaryrd
~we 1emod ay3 jouorjeiado pur Jurun} Jadoad soyeoIpUT

*Arewaou Surjeasado waysLsgng AL

*Arpeurtou 3unjexado seIowed [oUUBRYD -

‘g1oAa] TRuSis indino JaurquIoo-09pIA  (p)

SIUDIIND 9poY}ed Vd PUB VI Iapntwisuei], (©)
gjueIIno pue saldwmyoa Lropeqg (q)

saameaodurd) yurs-jedy Joprwsues], (8)

‘TeUWLXOU 81 AX19WSTS] SUIMOT[0] B} JO MATASI PONUTIUOD

‘9981 pajorpaad ayj je SuiseaJoul pur [BULIOU 9a%
TeuuBYD Yoes J0j saanjeradura) JUIs-1eoy J9)IWSUBL],

*[BULIOU PUB POMOTAI AI9WOTd} [IV

‘[eULIOU AJ1}0UIOTO} BISWED [OUUBYD~J

61

Hinsay 10 juaay

suolpdipu] Aysweje)

(penuyuo)d) SYILIWVYEVI A¥IIWITIL JAOW-TVNIWYIL

8 319vi

65



T0 az7

1

|
|

|
i
I

FLASH LAMP POWER

TARGET VOLTAGE

PREAKP SUPPLY (40V)
PRE AMP VIDEO

+6.3vDC

-6.3VDC

—27.5vDC

UNREGULATED BUS '\ FROM a34

VERT SWEEP

V1DED OUT
Fao
Fo CAMERA I
CAMERA ELECTRONICS | o300
AIAS A6 - 6.3vDC
{ -znsvoc
UNREGULATED BUS \ FROM A34 - .
QAL roae r VIDED COMBINER
3 4
AB
VIDEO OUT '
RT2 VERT SLANKING -6.3voe
HORIZ SYNC — 450 CPS |
SHUTTER A pr— 4+8.3v0C
b Fb ERASE y I
CAMERA FLASH C) )
Coaveoh ELECTRONICS f—E77 READ J . 3
AlAS +6.3 D¢
A7 5.3 vDC
~27.5v0C
u_nmmrnon aze I
GATE 1
LLUALRAN 1082
vioED oUT J
1
Pa P4 I
CAMERA CAMERA
Aie ELECTRONICS From 4 l
AS -27.5vDC
UNREGULATED BUS )\ FROW ad4 l
LLLALEL rou l
ViDEO OUT
P3 }-
P3
camena 3 cameRa "
e ELECTRONICS
AlA3 FROM A9
As4 -27.5vDC I
UNREGULATED BUS \ FROM A3& |
WRLEL vow l
VI0EQ 0UT |
1
2 |
Pz CAMERA FROM A9 i
AMERA
CA' :2 ELECTRONICS e avDe
A3 - 6.3v0C
-27.5vDC
UNREGULATED BUS \_FROM A34 |
WLLELL oz
VIDICOM MESH 1000V I -%.3vDC
¥1DICOM CATHODE VIDED OUT
6.3VDC FILAMENT VERT BLANKING $—e +6.3v0¢C
VIDICON GRID WD. 2 (ACCEL) 24 HORIZ SYNE 3KC
VIDICOM GRID NC. | . HDRIZ STNC LSKC
Pl Focus coi SuuTTER @) G)
CAMERA VERTICAL YOKE CAMERA VERT READ
AtAl HORIZONTAL YOKE ELECTRONICS ERASE - T —
L
SHUTTER COIL A2 FLASH

HORIZ SWEEP

FOCUS NO. BEAM CUR

S

+1000VDE NO. + 300VDC

SHUTTER AND LAMP DRIVE

NUVISTOR AND V:DICON




.
. N N H
° -
g g . spow 300F 3
> 3 4w g 88 - 0" a ®eo
Cor B & ¥ 9 e e og a o e owE
5 o ¢ ;¢ %o 2z oz & » 5 e oys
¥ v f§ e 3+ 8¢ § 3 o 5 £ uvouos
} « & 3 w *a oas O b O B o T O dde ;
| a 5 s u T 4 aw x Y 2z B £ W oS U 2
i
H J2 TEST CONNECTOR ~-1-F+ + 1T Y I
——-———1 — — — —— — — — — —" m——— — a—
2 VERT BLANKING J FULL POWER
HOR(Z SYNC 450CPS wANLAL OR [ i
POWER SUPPLY
ksHUYYEﬁ RESET
ERASE I
FLASH CAMERA
”
VEAT READ DECODE
~— eIt
GATE TOMOD F TONE 4
¥ ¥ CHANNEL
i MODF I
; 5 GATE TOMODF VIDEOB 80 SECOND
i I N GATE TOMODF VIDED A TIMER
I ¥
l F
+12vDe
[y —y = SEQUENCER
e
I | POWER !
F DiVIDER ~12vbC
“ | sueewLy ‘
A28 ce
CLIPPER ! —_
S !
| I I REG F X
PEAK - |
DETECTOR | +12voe |
I I SEQUENCER
A9 1
F i
P T
. |
waNvaL OR
Pl |
H I POWER SUPPLY ‘
i RESET
; |
; | 1 w
; I ‘
| cueper i
i P CHANNEL |
8 KC CLOTK 80 SECOND
AR TIMER ;
i PEAKX I ' I
I DETECTOR =
| - . |
PDIVIDER +12vDC
2 SEQUENCER
POWER
-12vDC !
SUPPLY i
GATE TO MOD P VIDED § A28 i
GATE TO MOD P VIDEO 2
" GATE 7O MOD P VIDEO 3 I
] cate Tomop P vibEO 4 +12vDC l Rec P
1 VERT BLANKING CamERa 1
2H HORIZ SYNC 3XC DECOOER 1
! l HORIZ SYNC 1.5 KC Loeic
SHUTTER '
I I ERase RICT—P
FLASH I
VERT READ
- L —_— 1
a
H FULL POWER |
g 1
H
o =fo _{ej_ wlaf. {
HEEBEERHE z13)s .
HEHFREN RN
AR EEEEAE
N EMERMNEN
A Rl L E S :
HENEEHIEEHN N
L\




-
5
S T
zZ z & oz = E
3 © % °  w H
°iywyoy o ox .
!, - = = =~ 5 -
2S5 82 28 2 S
=3 58 &5: H
T 1 o ¥ LA G 9
e YYYYYY - o
| pcu BaTTE N HCVR F AR _|
A34 1 l l
GATE i GATE ¥ 1
+
I wrcr ¢ i s S g VOO i O ____Jj !
I I RSV § i I |
] ccanp s warmup 1 H I I
] | —-== 1 CUR
] CLOCK CLDSURE M e ‘r'-— SEN:
oy —
s FILTER o | A . p = x
ASSY I : REGULATED F X [ree 1
ND Fb
a38 | I — -4 e
1~ FULL POWER

CLOCK POWER

WD S FuLL POWER

CLOCK CLDSURE

AND 5 WARMUP

TO CAMERAS PI THRU P4 {

-

__.________________-___d..______..___-_t

UNREG P

Fany

FanY
N

] e o

2

UNREG F ORP

_
x S
CLOCK START ! ; \l
CLocK OFF N FanY JJ;—O
T I Ny a
| IR 1
BATTF ! i T '__l_
1
|
|
8aTT £ 1
T A\
4
]

BATT P FUSED

4

Yer

-

wél
!

— s s e

i,
It

CURRENT SENSOR SIGNAL F

UNREG F OR P

LCR -27.5V (1D 426}

REGULATED POWER

TO CAMERAS Pl THRU P4

UNREGULATED POWER

€C AND S WARNUP

RTCT-P

GATE &

BATT P

I.___.._......a,.._..a

I
1
{
|
[
|
|
|
1
T
1
l
|
|
I
| CURRENT SENSOR SIGNaL P
1
]
I
|
1
|
N
r
1
|
1
!
|
T
]

FULL POWER

| LCR-27.5V (TO CSUY

4 LCR-22.5v (70 TEMP SENSOR)

] crR ouTRuT -275v

—_—_—._




30413
)_. -
F
30013 BATTERY
A0
e L

TEMPERATURE
SENSOR
A27

SHLD

J

ling

wr TEMP TuM TEMR TLM

i

| — —— —— e e e e - — . ———— — — ]

\ '_ ELECTRONIC CLOCK A35 1 TELEMETRY ASSEMBLY A26 _‘
§ crocx cosume l
T ®

|32 HR
s

—

>

RED PWR P

>

> RED PWR F

41

RCA/4PL INTERFACE
CONKECTOR

+1000 VDC TiwW

CATHODE CUR Pa

750V TuM

F TRANSMITTER
PWR SUP AlIS

K 6.3vDC

oo

REG F

—— — — — — — — — ot

r
I
I
|
I

+1000VDC Tim

CATHODE CUR PA

-T50v Tim

: I
I I IS BT COM run l
I ]-_ I J suP
— — — — — I » . '
[ | -ty ) I
[ 1
-
I o
B S |
' { 3xc | ac I
| vco AMP —
LCVR h : l
a7 l
I ' |
INPUT QUTPLT ml | = = I
| REG I
l 225K
"§° 4 L3052
€ BATT VOLTS TLM l I
225k¢
FROM a34 { P BATT VOLTS Tim 90 PT COM veo 1
I 3 I S 3002
e —_—4_0—2 _ _ _ _ _ —___41
A J
—— = E3
E 21-1212
x| 12l al-]7|-
w w|o -
ENT CURRENT sl giglels
SING SENSING g: ul 3|5iF|=
e z
R UNIT olElE
" 3043 A40 gElgl
>{ofw b4
._< > 3
r— P 2
a
30413 BATTERY “
All

| P TRANSMITTER
I PWR SUP A2i

| T
|

I REG P

I
|
[
-4




FOUR
PORT
HYBRID
A24

——
TELEMETRY +1000v F POWER
PROCESSOR F [ +7ov AMPLIFIER

A29 als
Y

———————

I RF
Rl
o—y_ _ +i000vdE |

A,
. |
§ i |
! ¢

e e | -soowc TRANSMITTER
; - 00vDC a4 DUMMY

~500vDC LOAD

} x2 6.3 VAC '°“L°° A2S

225KC TLm VIDED

—_—

TELEMETRY +1000v P POWER

PROCESSOR P | s7ov AMPL IFIER

a0 A20
1
+i0C0VDE
L .= |
! |
g « |
1 P
~750vDC

o e . seoan TRANSMITTER

T I 4£100vDC A9
L1
1O MOD

- 500v DC
| 6.3

I

?25KC TLM

VIDEO

Plate 1. Functiona! Diagram of Final TV Subsystem
Configuration

!
|
[
[
!
!
[
[
!
I
!
{
{
[
[
!
!
|
[
!
f

RCA/JPL
INTERFACE

JPL
L~BAND
XMTR

l

DIRECT
COUPLER

ROTARY
JOINT

LEGEND:

F - FULL-SCAM CHANNEL

P - PARTIAL-SCAN CHANNEL
AT - THERMISTOR

Tim- TELEMETRY

PR- P CHAIN“R" FLIP-FLOP
FT - F CHAIN"T" FLIP -FLOP




